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1. Introduction
In the last years, semiconductor nanostructures have attracted considerable attention
due to their possible application in future electronic devices. One example for such
nanostructures are In(Ga)As quantum dots (QDs) - interesting for the realization of
single photon sources towards quantum information technology [1, 2], nanophotonic
waveguides [3] and lasers with low threshold currents [4]. Other examples include
nanostructures for lateral transport electronic device applications [5, 6]. Its large
electron mobility [7] makes InAs a promising candidate for the channel layer of the
next generation of metal-semiconductor FETs (MESFETs).
Several fabrication techniques are available for obtaining nanostructures. They
include etching techniques, focused ion beam implantation, self-assembled growth
techniques and selective area growth. Self-assembled growth techniques have
been used to grow stacked high density QDs and applied in QD lasers [8, 9].
However, they still suffer from size fluctuation and inhomogeneous distribution.
To apply the semiconductor nanostructures in future industrial devices, it is
important to obtain well-defined structures with high reproducibility. Etching
and ion implantation techniques allow a better control of the fabrication process,
but may introduce damages into the structures. In contrast, selective area epitaxy
(SAE) is an inherently "damage-free" method and combines the advantages of
bottom-up and top-down approaches. To obtain highly selective grown III-V
compound semiconductor structures, to date mainly metal-organic vapor phase
epitaxy (MOVPE) has been employed because of its high substrate temperatures
[10, 11]. At high temperatures, the diffusion and re-evaporation of group-III atoms
on the mask materials are significantly enhanced allowing a highly selective growth.
For solid source molecular beam epitaxy (MBE) successful selective growth has been
achieved by using high growth temperatures and/or low growth rates compared to
conventional MBE growth [12, 13, 14, 15]. However, high growth temperatures may
introduce diffuse doping profiles and lead to compositional changes at the interface.
In this work, in order to achieve well-defined selective growth at low sub-
strate temperatures, migration enhanced epitaxy (MEE) is employed. MEE is based
on the alternate deposition of constituent elements and has proved useful for
enhancing the migration length of group-III atoms during the growth [16, 17, 18].
The main focus of the thesis lies on the understanding of the growth mechanisms,
the optimization of the growth conditions and the structural, optical and electronic
characterization of In(Ga)As nanostructures grown by MEE on SiO2-masked GaAs
substrates. The results are evaluated in terms of a future application of these
nanostructures in electronic and optical devices.
To understand the requirements on the growth conditions and the challenges con-
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cerning the growth of In(Ga)As nanostructures on GaAs substrates, it is important
to comprehend the theoretical background such as the characteristics of the InAs
and GaAs crystal lattices and the specifics of III-V semiconductor growth by MBE
and MEE. Therefore, Chapter 2 presents an overview of the material systems and
the physics of MBE and MEE growth.
To enhance the reproducibility of the fabricated nanostructures, it is important to
provide similar mask conditions for all samples. Chapter 3 describes the fabrication
process of the masked GaAs substrates used in the SAE growth experiments. First,
the deposition of SiO2 on GaAs substrates via magnetron sputtering is explained,
followed by a description of the patterning process via electron beam lithography
and wet etching.
Chapter 4 summarizes results of InAs nanostructure growth experiments in depen-
dence of the growth temperature and the In flux intensity. First, the growth window
for successful selective area epitaxy (SAE) is determined by the InAs growth on
masked GaAs(001) substrates at a constant As4 beam equivalent pressure (BEP) of
1.8× 10−5 Torr and an In flux intensity of 4× 1013 cm−2s−1. Highly selective growth
is realized in a substrate temperature range of 460 ≤ TS ≤ 500◦C. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) measurements indicate a
competing behavior between an etching and a growth process in dependence of
the substrate temperature and the annealing time ta after In deposition in the MEE
sequence. To understand the growth condition requirements for SAE more precisely,
the influence of the In flux intensity is investigated in the optimized temperature
regime. It is shown that SAE is obtained in a relatively narrow window at low
temperatures using low In fluxes. After the optimization of the growth conditions,
the SAE growth is expanded to growth studies on GaAs(111)A and GaAs(111)B
substrates. The differences of InAs structures grown by MEE and MBE are discussed
and a study of the diffusion of the In atoms in case of InAs grown on GaAs(111)A is
presented.
For the realization of semiconductor nanostructure devices in a bottom-up ap-
proach the control of the nanostructure shapes and the interface quality are crucial.
Chapter 5 summarizes results on the structural and interface properties of InAs-
based nanostructures grown on GaAs(001), GaAs(111)A and GaAs(111)B. For the
structural analysis of samples grown on GaAs(001) and (111)A, x-ray diffraction
(XRD) measurements, Raman spectroscopy, transmission electron microscopy (TEM)
and energy dispersive x-ray spectroscopy (EDS) are used. InAs/GaAs(111)B is
analyzed by means of TEM. The TEM results indicate a different behavior in the
strain relaxation mechanism for SAE grown InAs structures on GaAs(001) and those
grown on GaAs(111)A. In case of InAs/GaAs(001) Moiré-like fringes due to strain
relaxation are visible up to at least 35 nm from the interface in the InAs dot structure,
while for InAs/GaAs(111)A the Moiré-like fringes are confined at the interface.
Furthermore, EDS measurements show a relatively high In concentration below the
interface for InAs/GaAs(001) indicating the formation of a reaction layer even for
structures grown at a low TS of 460◦C. For InAs on GaAs(111)A grown under the
same conditions, almost no In is detected below the interface.
From the results on the structural properties of InAs nanostructures grown on
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GaAs(001), (111)A and (111)B, it is concluded, that the InAs/GaAs(111)A system is
promising for the realization of future transistor devices in a bottom-up approach be-
cause no interface anomaly is observed in this system. To demonstrate the possibility
to fabricate devices by SAE, 2-terminal device structures with a honeycomb lattice
structure are grown. Chapter 6 summarizes the work on the fabrication, the struc-
tural characterization and magnetoresistance measurements of these honeycomb
lattice structures.
Chapter 4 to 6 present results on the direct growth of InAs on the processed sub-
strate. However, SiO2 sputtering and the patterning process may introduce damages
to the surface. Thus, it is interesting to study the growth behavior of InAs on GaAs
buffer structures. Chapter 7 provides a detailed study of site-selected nucleation
of InAs on faceted GaAs microstructures. First, well defined GaAs microstructures
with facets mostly belonging to the crystal plane families {01n}, {11n} and (001) are
realized. The GaAs microstructure provides nucleation sites for the InAs growth and
functions as a buffer layer separating the quantum structures from the processed
interface. Subsequent InAs deposition shows a preferred nucleation on boundaries
between {012}/{013} facets with {011} side facets as well as on (001) top facets.
Hereby, no nucleation occurs on the {011} side facets. The nucleation mechanism
in dependence of the growth time and the facet orientations is investigated. The
interface properties are studied by TEM and EDS measurements. The well-defined
growth of InAs nanostructures with precisely designable sizes, shapes and positions
is promising for the fabrication of nanophotonic devices. To analyze the optical
properties photoluminescence (PL) measurements of capped samples are performed.
The combination of the selective area growth of faceted GaAs microstructures by
MEE and the subsequent nucleation of InAs allows a precise control of optical active
In(Ga)As QD positions.
Chapter 8 summarizes and evaluates the results of the thesis and gives an outlook




To understand the requirements on the growth conditions and the challenges con-
cerning the growth of In(Ga)As nanostructures on GaAs substrates, it is important to
comprehend fundamental aspects such as the characteristics of the InAs and GaAs
crystals and the applied fabrication methods. This chapter presents an overview
of processes involved in molecular beam epitaxy (MBE) and migration enhanced
epitaxy (MEE) growth. In addition, properties of InAs and GaAs are described.
2.1. Molecular Beam Epitaxy
The fabrication of the III-V compound semiconductor nanostructures presented in
this thesis is realized by MBE. The word epitaxy derives from the Greek, where
epi means “above” and taxis “in an ordered manner”. If a film or structure grows
epitaxially on a substrate, then the lattice constant of the grown material adjusts
itself to the lattice constant of the substrate. In a MBE machine, the growth of films
or structures is carried out by using molecular beams, not interacting with each
other before they reach the substrate, in a ultra high vacuum environment (UHV)
(< 10−9 Torr). Compared to other fabrication processes such as metal organic vapor
phase epitaxy (MOVPE), the sample fabrication by MBE has the advantage of a
precise controllability of the growth conditions. As the growth rate is usually as
low or lower than 1 ML/s, the fabrication of quantum wells and super lattices is
possible. Furthermore, reflection high energy electron diffraction (RHEED) allows
in-situ observation of the growth process on a planar wafer. In the following a short
summary over physical processes during the growth in a MBE system is given.
Detailed descriptions can be found in textbooks such as [19, 20, 21].
The physical processes in a MBE system are taken place in three steps. First, the
molecular beams are produced in Knudsen effusion cells and are evaporated into
the growth chamber. The evaporated elements build up a gas phase, that arrives at
the heated substrate [20]. On the substrate crystallization processes take place that
are summarized in Fig. 2.1 [20].
The following processes are particularly important:
• Due to the influence of the surface potential, atoms are attached to the substrate
surface. This process is denoted as the adsorption of impinging atoms or
molecules.
• The atoms that are not yet incorporated into the crystal can move from one min-




Figure 2.1.: Physical processes taking place on the substrate surface in MBE growth.
The image is taken from [20].
• An impinging atom or an already on the surface existing adatom can be
incorporated into the crystal structure of the substrate or the already grown
film/nanostructures. This process is from a chemical nature and thus has a
lower probability than the other processes. It is denoted as the incorporation
of atoms.
• Adatoms that are not incorporated into the crystal can leave the substrate
surface if they have a sufficiently high energy. This process is called desorption
of the atoms.
• Atoms of the grown material may diffuse into the substrate and visa vis. This
process is denoted as interdiffusion.
By choosing the desired effusion cell materials and by setting the effusion cell and
the substrate temperatures, films or nanostructures with the required composition
can be fabricated. The homogeneity of the grown film/nanostructures is dependent
on the homogeneity of the molecular beam fluxes as well as from the geometry
between the cells and the substrate. To decrease the influence of the chamber
geometry on the homogeneity of the grown film/structures, the substrate is rotated
during the growth.
Growth modes
In crystal growth by MBE three general growth modes appear that are summarized
in Fig. 2.2:
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Figure 2.2.: Growth modes appearing during MBE growth. (a) Layer by layer or
Frank-van-der-Merve growth. (b) Layer plus island or Stranski-Krastanov growth.
(c) Island or Vollmer-Weber growth.
• Layer by layer growth (Frank-van-der-Merve, FM): If the impinging atoms are
stronger bound to the substrate than to each other, the growth proceeds in a
layer by layer growth mode. A new layer starts to grow, when the last layer
has been completely formed.
• Layer plus island growth (Stranski-Krastanov, SK): In case of the SK growth
mode, 3D-islands are formed after the growth of one or more completed
monolayers, the so-called wetting layer.
• Island growth (Vollmer-Weber, VW): If the impinging atoms are stronger
bound to each other than to the substrate or in some cases when the strain is
very high, the growth proceeds in a 3D island growth mode.
The MBE system used in this work
The MBE VG MK2 system used for the experiments in this thesis is shown in Fig. 2.3.
The system is build up of three chambers: the load lock chamber, the preparation
chamber and the growth chamber, interconnected by a lock system. The growth
chamber is equipped with an As cracker cell, and Knudsen-type cells for In, Ga, Al,
Be, Si and Ge. The UHV environment in the growth chamber is established by a
combination of a diffusion pump and an ion pump together with a liquid-nitrogen-
filled cryoshroud used to trap impurity atoms at the chamber wall. Additionally the
growth chamber is equipped with a titan sublimation pump that is used during the
initial annealing of the wafer. The load lock chamber and the preparation chamber
are equipped with a turbo molecular pump and an additional ion pump, respectively.
To realize the growth by MEE, linear shutters are employed in front of the effusion
cells. They ensure a fast variation of the incoming flux species, by an opening and
closing of the shutters.
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Figure 2.3.: The MBE VG MK2 system used in the work on this thesis.
2.2. Migration Enhanced Epitaxy
In MBE growth, the crystal quality of the grown layer depends strongly on the lateral
migration of the adatoms on the surface. If the migration length is long enough,
the group-III adatoms have enough time to find preferable nucleation sites and to
arrange in a well-ordered layer. MEE has been developed to enhance the migration
distance by increasing the lifetime τ of the group-III atoms on the substrate [16].
In MEE growth of III-As compounds, the group-III atoms are deposited separately
rather than simultaneously with As4 or As2 [16]. By this, τ and therefore also the
migration length LD =
√
Dτ are enhanced [16]. As a result, flat III-V semiconductor
layers with high crystal qualities can be achieved even at relatively low growth
temperatures.
In case of selective area epitaxy (SAE), the growth material is deposited on certain
areas of a patterned substrate. In the work here, the substrate is first covered with a
SiO2 film and then subsequently patterned by electron beam lithography to define
open area windows. SAE is obtained if the growth conditions are adjusted in such a
way, that no growth occurs on the mask while a reasonable growth rate is maintained
on the substrate material in the open area windows.
The enhancement of the migration length by MEE has proved useful to realize
selective area growth of GaAs on SiO2 patterned substrates at comparably low
growth temperatures [23, 24, 25, 26, 27]. The principle is schematically illustrated in
Fig. 2.4 for the growth of III-As semiconductors on SiO2 patterned GaAs substrates.
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Figure 2.4.: Schematic illustration of the difference between MBE and MEE in case
of selective area growth. Image taken and adjusted from [22].
Figure 2.5.: Schematic illustration of a MEE growth sequence applied in this work.
When As is applied simultaneously with the group III atom, III-As nuclei are likely
to be formed. These nuclei have a much smaller migration length than single group-
III adatoms. Thus, it is expected that high selectivity is achieved at lower growth
temperatures in case of MEE as compared to conventional MBE. In this thesis, the
InAs growth studies on SiO2 masked GaAs substrates are mostly carried out with
the MEE sequence shown in Fig. 2.5, with an In supply for 1 s, followed by an As4
supply of 2 s and an annealing step of 0.5 s.
2.3. Material properties
In this work, heterostructures consisting of InAs and GaAs are fabricated. In the
following a short overview of important properties of the two materials is given.
InAs is a compound semiconductor with a cubic zincblende structure. The lattice
constant a at 300 K is 6.0583Å [28]. InAs has a direct bandgap at the Γ point of
0.35 eV at room temperature and 0.415 eV at 0 K [7]. The small direct bandgap
is interesting for applications in optoelectronic devices operating in the infrared
region. Furthermore, InAs has a large electron mobility of ≤ 4 × 104cm2V−1s−1
[7], making it a promising candidate for the channel layer of the next generation
of metal-semiconductor FETs (MESFETs). Another unique property of InAs as
compared with other semiconductors is the native electron accumulation in the
near-surface region [29, 30], allowing the fabrication of nanometer-scale conducting
semiconductor structures [6, 30].




Figure 2.6.: Low index InAs surfaces in top view (upper part) and side view (lower
part). (a) shows the As-terminated (001) surface and (b) the (111)A surface. The
area marked in gray is the unit cell, dangling bonds are shown as ellipses, and
smaller circles mark atoms in lower layers. Image taken and adjusted from [31].
in side view (lower part). (a) shows the As-terminated (001) surface while (b) shows
the (111)A surface. The crystal along the [001] direction is build up alternately by
an In and an As layer. Due to the symmetry of the bonds in the bulk crystal this
does not result in a dipole moment. When the bulk crystal is cut, this symmetry is
broken, resulting in a polar surface [31]. In dependence of the upper layer species
the (001) surface is therefore called In- or As-terminated. The crystal along the
[111] direction is also build up alternately by an In and an As layer. However,
as one of the tetrahedral orientated bonds of the atoms lies parallel to [111] this
results in a different structure of the front and the back side. Due to the different
electronegativity of In and As this leads to a formation of a dipole moment. The
(111) surface is In-terminated and is denoted as A side. The opposite (1¯1¯1¯) surface
is As-terminated and denoted as B side [31].
The long-wave transversal optical (TO) phonon and longitudinal (LO) phonon
energies of InAs account to 27 meV and 29 meV [7], respectively. These values
correspond to wavenumbers of 217.77 cm−1 (TO) and 233.9 cm−1 (LO).
Similar to InAs, GaAs is a compound semiconductor with a cubic zincblende
structure. The lattice constant a at 300 K is 5.65325Å [28]. The lattice mismatch with
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InAs accounts to 7.2%. GaAs has a direct bandgap of 1.42 eV at room temperature.
This band gap increases at lower temperatures and is 1.519 eV at 0 K [7]. The electron
mobility is ≤ 8500 cm2V−1s−1 [7]. The long-wave TO phonon and LO phonon
energy account to 33.2 meV and 36.1 meV [7], respectively. This corresponds to
wavenumbers of 267.78 cm−1 (TO) and 291.166 cm−1 (LO).
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3. Processing of the wafers prior to
growth
To investigate the SAE growth of III-V compound semiconductors on patterned
substrates, first the fabrication of well-defined templates is necessary. This chapter
describes the patterning process of the substrates prior to growth.
3.1. Magnetron sputtering
All SAE grown samples presented in this thesis are fabricated on substrates with SiO2
as a mask material. The deposition of the SiO2 films is carried out in a “Universal
Systems” radio frequency magnetron sputtering system. In a sputtering system the
target (here SiO2) is set as a cathode and the substrate as an anode. By using voltages
of several kV a plasma of a process gas (here Argon) is build up between the target
and the substrate. In a magnetron sputtering system, additionally, a magnetic field
is applied behind the cathode plate, leading to a circular movement of the Argon
ions over the target. When ions of the plasma hit the target with high energies,
neutral atoms or molecules (here SiO2) are removed from the target. The neutral
SiO2 molecules move to the substrate and attach to the GaAs surface.
The sputtering system used in the present work consists of two chambers that are
interconnected by a lock system. In the sputtering chamber a high vacuum (HV)
environment of p ≤ 5× 10−7 Torr is maintained by a turbo molecular pump when
no carrier gas is introduced into the chamber. For the sputtering, a “SVT” target
gun equipped with a 2” SiO2 target is employed. Prior to the sputtering process, the
wafers are cleaned in the following way:
1. Cleaning with Acetone in a ultrasonic bath 10 min
2. Cleaning with Isopropanol in a ultrasonic bath 5 min
3. DI Water rinse 15 times
4. Slight etching with Semicoclean (alkaline etchant) in a ultrasonic bath 10 min
5. DI Water rinse 15 times
6. Blow dry with N2
After the cleaning process, the substrates are loaded into the load lock chamber
and transferred to the sputtering chamber. The sputtering is carried out at room
temperature. Argon is employed as sputtering gas because of its low reaction
probability with SiO2. Due to the high molecular weight of Argon atoms, a high
deposition rate can be reached. The RF power during the sputtering process is 90 W
for most of the samples presented in this thesis. Due to problems with the sputter
power supply, some samples are sputtered with a RF power of 60 W.
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By introducing Argon to the chamber the pressure in the chamber increases to
≈ 1.5× 10−3 Torr. For the selective area epitaxy experiments, a SiO2 mask thickness
of 30 nm is chosen. To obtain the desired SiO2 height, first the growth rate of the
sputtering process under the applied growth conditions has to be confirmed. To
determine the growth rate of the sputtering process, test samples with a sputtering
time of 60 min are fabricated.
Next, the 2” test wafers are cut into half. One half is cut into four smaller pieces.
On these four wafer pieces photolithography is applied to produce line and stripe
pattern on different parts of the sputtered substrate. Wet HF etching is used to
remove the SiO2 from the areas opened in the resist mask, followed by a removal of
the photolithography resist by oxygen plasma ashing. After this preparation of the
test wafer pieces, the thickness of the SiO2 mask in the different areas is determined
by AFM measurements. For the inner part (1 cm × 1 cm) of the 2” wafer, a thickness
of (176 ± 3) nm is found for the first test sample. The sputter growth rate for the
inner part of the 2” wafer is thus given by (2.95 ± 0.05) nm/min. It should be
noted however, that the conditions of the sputter system are varying throughout the
work on this thesis, e.g. due to an exchanged sputter gun, exchanged targets and
an exchanged sputtering power supply. After every change of the conditions, the
growth rate is again determined by photolithography and AFM measurements.
To allow a verification of sputtered SiO2 thicknesses for all samples sputtered
at a specific given growth rate, the other half of the test samples is evaluated by
ellipsometry. As the SiO2 thickness is confirmed by the AFM images, this allows
the setting of the ellipsometry parameters for the SiO2 mask. For wafers sputtered
on the same day at a given sputtering growth rate a variation of the SiO2 film
thicknesses in the inner part of the 2” wafer of ≈ 4 nm is observed. This is most
likely due to the fact that the rotating of the substrates is done manually, resulting in
a variation of the rotating speed.
The analysis of the test samples shows that there is a relatively large difference
between the inner part of the 2” wafer and the edge of the wafer. For the test sample
with a SiO2 thickness of (176± 3) nm (in the inner part of the 2” wafer), a variation
of ≈ 30 nm is observed across the wafer. This results in a variation of ≈ 5 nm across
the 2” wafer for the actual used 30 nm thick SiO2 films.
To avoid a variation of the patterned area widths and to avoid the fabrication of
not-full-opened areas after wet etching due to differences in the SiO2 thicknesses, for
most of the actual experiments only ≈ (2× 3) cm2 large areas taking from the inner
part of the 2” wafers are used in the following electron beam lithography process.
(Some first experiments are also carried out on parts of the wafer taken from a larger
area.)
After the sputtering process, the ≈ (2 × 3) cm2 areas from the inner part of the
2” wafers are cut into four pieces. To understand the orientation of the substrate in
the later processing steps, the wafers are cut in such a way that the resulting [11¯0]
direction is longer than the [110] direction in case of GaAs(001) substrates. For the
GaAs(111)A and (111)B substrates the [011¯] direction is chosen to be longer than
[2¯11].
It should be noted, that the sputtering of the substrates to fabricate the SiO2 film
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may introduce damages into the surface. However, another deposition technique,
i.e. CVD deposition, tried out during this thesis resulted in a very low quality of the
SiO2 surface. As a rough SiO2 surface enhances the probability of polycrystalline
grain formation on the mask material during SAE, sputtered SiO2/GaAs substrates
are chosen for the growth experiments.
3.2. Electron beam lithography
To realize open areas with diameters of d ≤ 1 µm and to fabricate a wide variety of
pattern that can easily be changed by altering the CAD file, electron beam lithogra-
phy (EB lithography) is applied. The EB lithography step is carried out in a class 100
clean room at the Waseda University NTRC.
In a EB lithography process, a tightly focused beam of electrons scans across the
surface of an electron sensitive resist film [32]. The resolution of this patterning
process is mainly determined by the scattering of the electrons in the resist film and
the substrate [32]. The EB resist is deposited onto the substrates by spincoating.
Prior to spincoating the substrates are cleaned in the following way:
1. Removal of organic matter by oxygen plasma ashing 15 min
2. Cleaning with Acetone in a ultrasonic bath 10 min
3. Cleaning with Isopropanol in a ultrasonic bath 5 min
4. DI Water rinse 15 times
5. Blow dry with N2
After the cleaning of the wafers the remaining water is removed by heating the
substrate for 5 min at a temperature of 135◦C on a hot plate. The substrates are then
cooled down to room temperature for 5 min. Hexamethyldisilazan (HMDS) is used
to modify the surface of the SiO2 film and to enhance the EB resist adhesion. The
substrates are coated with HMDS using a conventional spincoater with 500 rpm for
3 s and 4000 rpm for 10 s. After the coating with HMDS, the HMDS film is dried
for at least 5 min. This step has proved to be crucial, as a direct coating with the
EB-resist after HMDS deposition results in a very poor resist adhesion.
Next, the positive EB resist ZEP520A-7:ZEP-A = 1:2 is coated onto the substrates
via spincoating with 500 rpm for 3 s, a slope of 5 s, 5000 rpm for 60 s and a slope
of 5 s. After the coating with the EB resist, the resist is prebaked for 2 min at 180◦C
on a hot plate. After the substrates are cooled down to room temperature they
are mounted onto the EB holder and slightly scratched along the edge to produce
structures that can be used for the alignment of the electron beam. The holder is
then loaded into a Hitachi S-4300 SE/EB system.
The acceleration voltage of the electron gun is set to 20 kV and the walking
distance to 17.5 mm throughout this work. For the writing of relatively small
pattern d ≤ 5 µm, the beam current is set to 100 pA and the scanning field sizes to
100 µm × 100 µm. The pattern is designed in a CAD program. Fig. 3.1 shows an
example of a CAD file used in this work to produce a high variety of pattern on the
same wafer piece.
15
3. Processing of the wafers prior to growth
Figure 3.1.: Example of a CAD file used in this work to produce various pattern with
EB lithography. The size of the scanning fields is set to 100 µm × 100 µm. The red
areas mark the areas exposed to the electron beam.
As written before, the lateral resolution of the patterning process is directly corre-
lated to the scattering of the electrons in the resist and the substrate. The forward
scattering of the electrons can be reduced by using a very thin resist. However, if the
resist is too thin for a given electron energy the electrons will widely penetrate into
the substrate and experience large angle scattering events [32]. The backscattered
electrons will then exposure neighboring areas of the area that is actually desired to
be exposed. Due to different scattering effects (forward scattering, backscattering
and scattering from secondary electrons), the dose defined in the electron beam
CAD file setting is not confined to the shapes that the EB tool writes [32]. This results
in pattern specific linewidth variations known as the proximity effect [32]. A narrow
pattern between two large exposed areas may receive so many scattered electrons
that it can develop away, while small isolated pattern may develop incompletely
[32].
During the work on this thesis, the resist thickness (determined by the spincoating
parameters and the used resist), the electron beam current and the field size are not
altered. To develop well-defined pattern, the dose in the different 100 µm × 100 µm
large fields is varied by a change of the exposure time. Typical exposure times used
in this work are 0.25 µs for pattern in dense areas and 0.5 µs for isolated pattern.
After the EB patterning process the substrates are developed in ZED-N50 for 90 s
and then immediately rinsed in ZMD-B for 20 s. After drying the substrates with a
N2 blower, the resist is baked for 2.5 min at 135◦C on a hot plate.
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Figure 3.2.: Schematic illustration of the patterned GaAs substrate fabrication and
subsequent selective area growth of InAs. Image designed after [22].
3.3. Wet etching, resist removal and mounting of the
substrates
After the patterning of the substrates by EB lithography, area windows in the SiO2
mask are opened by an etching step. As dry etching by reactive ion etching may
produce damages in the substrate, wet etching is used. The etching rate is deter-
mined by a series of etching experiments. For a volume ratio HF(46%):NH4F:H2O
of 1:6:3, the etching rate is approximately 1.3 nm/s. All pattern used in this work
are fabricated by 30 s etching at this etching rate. This results in an average etching
depth of 39 nm. This etching depth is higher than the desired SiO2 thickness of
30 nm. However, a higher etching depth is chosen to avoid the possibility that
pattern may not be opened completely after the etching step due to variations in the
SiO2 film thickness. As SiO2 is etched isotropically, the etching also proceeds in the
lateral directions. Thus, after the wet etching step a broadening of the EB written
pattern of ≈ 39 nm in all directions is expected. To remove the remaining EB resist
from the surface, the substrates are then ashed for 20 min in an oxygen plasma asher
system.
Prior to growth, the patterned substrates are again cleaned with the same proce-
dure as prior to the sputtering process (except for the plasma ashing). The cleaning
steps are summarized in section 3.1. To improve the smoothness of the SiO2 surface,
substrates used in the latter half of the study presented here, are slightly etched in a
2% HF solution for 3 s and rinsed in DI water again before the drying with a N2 blow.
After the cleaning process, the substrates are mounted onto Molybdenum blocks by
Indium bonding. To allow the determination of the GaAs surface deoxidation and
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the substrate temperature during the growth, an additional planar GaAs(001) sub-
strate is mounted side by side with the patterned substrate. The mounted substrates
are then loaded into the load lock chamber of the MBE system.
The load lock chamber is equipped with a heating system to allow the desorption
of water from the substrate surfaces, before introducing them into the growth
chamber. Prior to the transfer into the growth chamber, the substrates are heated at
130◦C for 60 min.
A schematic summary over all the processes used to fabricate the patterned
substrates and the following selective area growth is given in Fig. 3.2.
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epitaxy of InAs on SiO2 masked
GaAs*
This chapter summarizes growth studies of InAs on SiO2 masked GaAs substrates.
The fabrication and cleaning process of the patterned substrates prior to growth is
described in Chapter 3. Most of the samples discussed in this chapter are grown by
applying the MEE method. By applying the MEE method, the V/III-ratio changes
periodically during the growth. Therefore, in the growth condition specifications the
respective flux/ beam equivalent pressure of In and As4 in case of an open shutter
are given. All masked GaAs substrates are mounted on a Mo holder side by side
with an unmasked GaAs(001) substrate. The latter is used to monitor the substrate
temperature by a pyrometer. To calibrate the growth temperature, a Chino IR-CAI
InGaAs pyrometer sensitive in the temperature range of 200 to 1000◦C is employed.
On the unmasked GaAs(001) substrate, TS is determined by the observation of the
oxide desorption at Tdes = 582◦C [33] using RHEED. The error in the measurement
of TS is expected to be 10−15 K. After the removal of the surface oxide, the substrates
are cooled down to the growth temperature under an As overpressure.
To obtain highly selective grown InAs structures, it is important to determine the
conditions leading to selectivity. The two crucial factors influencing selectivity are
the desorption and the diffusion of adatoms deposited on the mask material, mainly
of the group-III In atoms. In Section 4.1, first the desorption of material deposited
on the mask is discussed.
Growth of InAs on masked GaAs(001) is used to determine the growth window,
in which selectively grown InAs structures on open area windows can be achieved.
After the optimization of the growth conditions, the faceting of InAs/GaAs(001)
nanostructures is described and the influence of various parameters such as the
incoming In and As4 flux and the open area window size are discussed. For growth
temperatures TS ≥ 530◦C, instead of growth an etching of the exposed open area
occurred. The results are shortly presented and discussed. The growth studies of
InAs/GaAs(001) are summarized in Section 4.2.
Next, the selective area growth studies are extended to InAs growth on
GaAs(111)A and GaAs(111)B substrates. For InAs/GaAs(111)A the faceting of
InAs nanostructures and the difference of structures grown by MEE and by simul-
taneous deposition of In and As4 are discussed. Furthermore, an analysis of the
volume of the nanostructures in dependence of SiO2 mask width between neigh-
*Some of the results discussed in this chapter have been published in M. Zander et al., J. Cryst.
Growth 323 (2011), 9-12, and in M. Zander et al., Phys. Status Solidi C (2012) 2, 218-221. Only
contributions of the author of this thesis are used for this chapter.
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Figure 4.1.: AFM images of extended SiO2 surfaces after InAs overgrowth with a
nominal thickness of 35 nm by MEE. The surface coverage with InAs is decreasing
with increasing substrate temperature TS .
boring open areas is given. This analysis showed an anomalous behavior that can
not be explained by conventional surface diffusion. To understand the behavior in
more detail, the diffusion equation is solved for a simple one-dimensional geometry
and the results are discussed. The studies for the growth of InAs/GaAs(111)A are
summarized in Section 4.3.
4.1. Desorption of InAs from the SiO2 mask
To obtain highly selective grown InAs nanostructures on SiO2 masked GaAs sub-
strates, In adatoms impinging on the mask area have to either desorb from the
mask surface or diffuse to the nearest open area window before In clusters or InAs
nuclei are formed on the mask material. In this section, first, only the influence of
the desorption will be considered. In general, we expect a much higher volatility
of the group-III atoms on SiO2 with respect to the GaAs surfaces, because of the
less favorable binding sites on the oxide [12]. The critical flux gc that allows zero




exp[−(2Edes − Ediff )/kBTs]. (4.1)
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Here, Edes is the activation energy of an In atom for desorption from a SiO2
surface, Ediff is the activation energy of an In atom for surface diffusion on a SiO2
surface, Cd is a proportionality constant, kB is the Boltzmann’s constant, v0 is a
desorption rate constant, and TS is the growth temperature. Edes and Ediff are
only weakly dependent on T and the temperature dependence of the growth is
determined largely by the explicit exponential dependence [14]. It should be noted,
that Eq. 4.1 does not take a diffusion over a SiO2/GaAs boundary into account. The
diffusion energy is included because one crucial requirement in this approximation
is that impinging In atoms do not encounter other In atoms on the mask. In the case
that 2Edes > Ediff (valid in most thin film growth), zero deposition on the mask
at low growth temperatures TS is possible by reducing the incoming flux of the
group-III atoms g [14].
To get a first insight of the substrate temperature boundary line at which des-
orption alone leads to an InAs free mask surface for an incoming In flux of
4.4 × 1013 cm−2s−1 (corresponding to a growth rate of 0.08 ML/cycle), a growth
series with TS ranging from 425 to 510◦C is performed on unpatterned SiO2/GaAs
substrates. Prior to growth, the substrates are cleaned with the same procedure as
patterned GaAs substrates. The extended SiO2 surfaces are then overgrown with a
nominal InAs thickness of 35 nm by MEE. The MEE growth sequence is: 1 s In sup-
ply, 2s s As4 supply, followed by an annealing step of 0.5 s. The As4 beam equivalent
pressure (BEP) is fixed to 1.8× 10−5 Torr. The morphology of the surface after the
deposition is analyzed by AFM measurements. In Fig. 4.1 examples of AFM images
taken after the InAs deposition at different growth temperatures are shown. For a
temperature of 425◦C, the SiO2 surface is completely covered with polycrystalline
InAs islands [Fig. 4.1 (a)], while for temperatures above 475◦C the fractional area
covered by InAs is less than 0.01. Thus, if the sticking coefficient sIn−SiO2 is defined
as the fractional covered area of the SiO2 mask, sIn−SiO2 becomes negligible for
TS ≥ 475◦C. If we take into account the growth on masked SiO2 substrates with
open areas, where the influence of the diffusion of In atoms to the next open area
window plays an additional role, we expect that selective area growth of InAs on
masked SiO2 substrates can be obtained for temperatures above TS ≈ 450◦C under
the same incoming In flux of 4.4× 1013 cm−2s−1.
4.2. InAs/GaAs(001)
After understanding the temperature boundary at which desorption from the SiO2
mask is dominating in case of an In flux of 4.4 × 1013 cm−2s−1, next the selective
growth of InAs on masked GaAs(001) substrates with open areas is investigated.
This chapter hereby only concentrates on the growth aspects and the faceting, while
the interfacial and structural properties will be discussed in Chapter 5.
Although the InAs/GaAs(001) system has been extensively studied, many aspects
of the growth are still unknown in this complex system. SAE of this heterostructure
system has been mostly studied for the realization of InAs quantum dots with
relatively small base diameter dimensions below 50 nm and for the deposition of
small amounts of InAs such as several monolayers [13, 34, 35]. Here, a study of
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Figure 4.2.: FE-SEM images of radial arranged open area windows after the deposi-
tion of InAs with a nominal thickness of 80 nm at different temperatures TS . The
As4 BEP is kept constant at 1.8× 10−5 Torr. The inset of Fig.4.2 (a) shows an area
of the sample with a wider distance between the open areas. In that case some
nanowire-like InAs structures are formed on the masked area.
larger-scale InAs structures grown on masked GaAs(001) substrates is presented to
obtain a better understanding of the selective area growth process.
4.2.1. Optimization of the growth conditions to obtain SAE
In a first growth study, the In flux and the As4 BEP are kept constant with an In flux
of 4.4× 1013 cm−2s−1 and an As4 BEP of 1.8× 10−5 Torr. The growth temperature
TS was varied in a range of 460 to 530◦C. The samples are grown via MEE with
the following growth cycle: First In is supplied for 1 s, then As4 for 2 s, followed
by an annealing step of 0.5 s. The growth time for the samples is the same and
corresponds to a nominal InAs thickness of 80 nm in conventional MBE for samples
grown at TS = 470◦C. The resulting InAs coverage of masked substrates with
radially arranged open area windows as investigated by FE-SEM can be seen in
Figure 4.2.
For relatively dense open areas with spacings b of < 2 µm, i.e. narrow SiO2
mask areas, selectivity was obtained for all substrate temperatures. For 460 to
480◦C [Fig. 4.2 (a)-(c)] the GaAs open area surface was widely covered by InAs
islands. It can be seen that large InAs islands elongated along the [11¯0]-direction are
formed. This preferred growth along [11¯0] is due to the fact that the dangling bonds
are oriented towards the [11¯0] direction, and is in good agreement with studies
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Figure 4.3.: Fractional area covered by InAs on extended GaAs(001) surfaces in
dependence of the reciprocal growth temperature TS .
of relatively large InAs islands formed on unpatterned GaAs(001) surfaces [36].
Furthermore, along the [110] direction large coalesced island show faceting, most
likely {113} facets as reported by other groups [36].
For wider spacings b ≥ 2 µm, some InAs structures are formed on the mask
area for samples grown at TS = 460◦C, as shown in the inset of Fig. 4.2 (a). These
structures ares mostly nanowires probably grown in pinholes of the SiO2 surface.
High selectivity even for extended SiO2 mask areas is obtained for TS ≥ 470◦C,
which is in good agreement with the investigation of the In desorption from an
extended SiO2 surface given in the previous section. Interestingly, the fractional area
covered by InAs decreases rapidly for TS > 480◦C as shown in Fig. 4.2 (d) and (f).
For conventional MBE, the temperature at which In atoms completely desorb from a
GaAs(001) surface and the resulting sticking coefficient is almost zero was found to
be 560◦C [14, 37]. The activation energy for InAs desorption was determined to be
4 eV for temperatures above 460◦C [37, 38].
The high desorption rate of InAs even at temperatures≈ 500◦C is probably related
to the MEE growth sequence. This interpretation is strengthened by a comparison
with a sample grown at 500◦C where As4 is applied simultaneously with In and the
growth sequence is: In + As4 for 1 s, As4 supply for 2 s and annealing for 0.5 s. The
resulting FE-SEM image is shown in Fig. 4.2 (e). Under these growth conditions,
indeed, the sticking coefficient is significantly higher than for the sample grown
by MEE if the sticking coefficient is defined by the fractional area of GaAs(001)
covered by InAs. To analyze the sticking coefficient for the MEE grown samples in
more detail, the fractional area covered by InAs of large open areas (≥ 25 µm2) is
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Figure 4.4.: FE-SEM images of radial arranged open area windows after growth at
TS = 480
◦C with different In fluxes. The As4 BEP is kept constant at 1.8×10−5 Torr.
Some polycrystalline grains are formed for In fluxes ≥ 5.5 × 1013 cm−2s−1 on
wider areas of the mask material, but selectivity is still given in dense pattern
areas. For In fluxes ≥ 1.5× 1014 cm−2s−1 the SiO2 mask area is covered with InAs
islands.
determined by using the particle analyzer function of the image analysis program
ImageJ. For every sample, six measurements taken from different large open areas
are taken into account. The summary of these measurements can give a rough
estimation of the sticking coefficient and is shown in Fig. 4.3. For TS = 510 and
530◦C the covered fractional area is ≈ 0.02, meaning that almost no growth is taking
place.
As the fractional area covered by InAs is proportional to the desorption rate, the
graph allows a rough estimate of the activation energy of the In desorption from
the surface. The slope in the growth temperature range of 470 to 510◦C corresponds
to an activation energy of 4.2 eV, which is in good agreement with the activation
energy of InAs dissociation of 4.0 eV found by Evans et al. [37] and Zhang et al.
[38] for temperatures above 460◦. However, further experiments are necessary to
determine the activation energy for the MEE growth with good accuracy.
After the study of the growth temperature influence on the selective area growth
of InAs structures, the influence of the incoming In flux is discussed. A number of
samples under various In fluxes is fabricated for TS = 470◦C and TS = 480◦C. In the
growth studies carried out at 470◦C, the SiO2 mask is covered with polycrystalline
InAs for In fluxes g ≥ 5.5× 1013 cm−2s−1 and high selectivity is only obtained for
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Figure 4.5.: Summary of SAE experiments carried out at different TS and various In
fluxes. The As4 BEP is kept constant at 1.8 × 10−5 Torr. SAE is obtained at low
temperatures using low In fluxes. Some of the results summarized in this graph
were used in a previous publication of the author [39].
the lowest investigated flux of 4.4 × 1013 cm−2s−1. In Fig. 4.4 FE-SEM images of
radial arranged open areas after the deposition of InAs under different In fluxes at
TS = 480
◦C are shown. An As4 BEP 1.8× 10−5 Torr is applied for all samples and
the growth time is kept constant at 3304 cycles. This growth time relates to nominal
thicknesses of 80 to 270 nm for the lowest and the highest In flux, respectively.
However, as the formation of polycrystalline grains on the SiO2 mask sets in below
a nominal thickness of 80 nm, the samples are still comparable. High selectivity is
achieved for samples grown with fluxes of 4.4 and 4.9× 1013 cm−2s−1 [Fig. 4.4 (a),
(b)]. For fluxes of 5.5 and 9.3× 1013 cm−2s−1 some InAs structures are found on the
SiO2 surface [Fig. 4.4 (c), (d)]. Interestingly, a higher density of InAs structures on
the mask material is found for the 5.5×1013 cm−2s−1 flux sample as compared to the
sample grown with a flux of 9.3× 1013 cm−2s−1. This is most likely connected to a
lower quality of the SiO2 surface, as defects in the SiO2 mask function as nucleation
sites. It is also interesting to note that the InAs structures are again mostly InAs
nanowires probably formed in pinholes on the SiO2 surface, as for the sample grown
at TS = 460◦C with an In flux of 4.4 × 1013 cm−2s−1 [Fig. 4.2 (a)]. Thus, to obtain
highly selective grown samples, the suppression of SiO2 pinhole formation in the
substrate processing is very important. Eventually, for a flux of 1.5× 1014 cm−2s−1
the SiO2 mask is mostly covered with polycrystalline InAs grains. However, as
shown in Fig. 4.4 (f) selectivity is still obtained for spacings b below ≈ 300 nm.
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Figure 4.6.: FE-SEM images of dot and hexagonal structures on GaAs(001) substrates
(a) dot (d = 540 nm), TS = 510◦C (b) dot (d = 360 nm), TS = 500◦C (c) dot
(d = 290 nm), TS = 460◦C (d) hexagonal (d = 930 nm), TS = 460◦C (e) dot
(d = 330 nm), TS = 460◦C, In and As4 deposited simultaneously.
Figure 4.5 summarizes samples grown at different TS under various In fluxes. The
As4 BEP is 1.8× 10−5 Torr for all samples included in this graph and all samples are
grown by MEE. To decide if the sample is grown selectively, only patterned areas
with spacings of 2−5 µm are taken into account. The lines in the graph are guides for
the eye and divide the growth parameters roughly in different areas of the growth.
SAE is obtained in the area under the dotted line while polycrystalline grains are
formed on the mask material in the area above the dotted line. For samples grown
at 495◦C≤ TS ≤ 510◦C craters are observed on the exposed GaAs surface and for
samples TS ≥ 530◦C a strong etching effect of the GaAs substrate sets in, as will be
discussed in Subsection 4.2.4.
From the summary of the results it is concluded that for the applied growth
conditions selective area epitaxy with a reasonable InAs sticking coefficient is only




4.2.2. Influence of the growth temperature and the open area window
size on the nucleation of InAs/GaAs(001) structures
In the previous subsection, the temperature dependence of the InAs/GaAs(001)
growth is discussed for relatively large open areas. Next, the influence of the
growth temperature on the formation of InAs structures in relatively small open
area windows is studied. Figure 4.6 shows FE-SEM images of dot and hexagonal
structures on GaAs(001) substrates. The photographs (a) to (c) document a change
of the InAs nucleus formation process with decreasing TS . At TS = 510◦C [Fig. 4.6
(a)] only small nuclei with basement diameters of 50 to 190 nm could be realized
in the open area. Additionally, some dark rectangular spots can be seen. AFM
measurements reveal that these dark spots are holes with depths of approximately 8
to 10 nm relative to the surrounding GaAs. Thus, despite the InAs nuclei formation
an etching process occurs during the In and As deposition. At TS = 500◦C [Fig. 4.6
(b)] the growth of one single InAs crystal could be realized in each open area window.
However, the InAs crystals cover only one third up to one half of the whole open area
size dimension of 0.9 µm2. Figure 4.6 (c) shows a sample after InAs growth on dot
shaped open area windows with TS = 460◦C. Similar to the growth at TS = 500◦C
only one nucleus is formed in each open area window with d = 290 nm, but in
contrast to the growth at 500◦C the whole open area window is covered.
It should be noted that the lateral size of the structures in the [110] direction is
almost similar to the open area diameter of the mask of d = 290 nm, indicating that
once facets along the lateral [110] direction are formed, no substantial growth takes
place in that direction. Figure 4.6 (d) demonstrates the open area size dependence of
the InAs/GaAs(001) growth. The growth parameters are similar to the conditions
for the InAs/GaAs(001) structure shown in Fig. 4.6 (c). The open area diameter has
been increased to d = 930 nm. In that case, for several windows a number of InAs
crystals are formed in the open area. This can be explained by the relatively low
migration length of In on the GaAs surface at TS = 460◦C. Furthermore, it can be
clearly seen that the lateral growth along the [11¯0] direction is faster compared to the
growth along the [110] direction, as it has been also observed on large open areas.
Interestingly, despite the low substrate temperature of TS = 460◦C the existence of
holes with depths of around 10 to 20 nm is observed by AFM implying a competing
behavior between an etching and a growth process for InAs MEE even at low TS . It
is likely that Ga atoms of the open area are incorporated into the InAs islands. The
interface morphology of the islands is discussed in Chapter 5.
To investigate the difference between the MEE method and conventional MBE,
samples with a simultaneous deposition of In and As4 at TS = 460◦C are grown.
In the following we refer to this sequence as the reference sequence (REF). The
deposition sequence (1 cycle) is 1 s In and As4 supply followed by 2 s As4 supply
followed by 0.5 s annealing. Fig. 4.6 (e) shows the InAs structure on dot window
shapes on GaAs(001) with d = 330 nm after the growth of 3304 cycles. Similar to
the MEE growth one single crystal with almost the same lateral size as the open
area diameter is obtained in each window. However, in case of the REF InAs grown
structures less facets, e.g. {110} facets, are formed. This can be explained by a larger
migration length of the In adatoms on the InAs structure in case of MEE, allowing
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Figure 4.7.: FE-SEM images of faceted InAs structures grown on dot shaped open
area windows and a schematic diagram of the two types of faceted structures that
are observed.
them to migrate to favorable nucleation sites.
4.2.3. The faceting of InAs/GaAs(001)-structures
In the following the InAs faceting of structures grown by MEE on dot shaped open
area windows is discussed in more detail. In Fig. 4.7 InAs structures after the
deposition of InAs with a nominal thickness of 80 nm [(a), (b), (c)], 90 nm (d) and
100 nm (e) are shown. The samples are grown with an As4 BEP of 1.8× 10−5 Torr
and a growth time of 3304 cycles under different In fluxes varied between 4.4 and
5.5 × 1013 cm−2s−1. For all growth conditions FE-SEM and AFM measurements
reveal mainly two different kind of faceted structures, schematically drawn in
Fig. 4.7. The determination of the facets is done by AFM. Type I faceted structures
are characterized by small (111)A and sometimes (111)B facets in the [110] and [11¯0]
direction, four {011} side facets and {137}-like top facets. Type II faceted structures
consist of comparable larger (111)A and dominant {011} side facets.
In Fig. 4.8 three different samples are shown, where (a) consists of mainly Type I
structures, (b) of Type II structures and (c) of both types. As can be clearly seen from
the sample where both types coexist, one type is characterized by steep facets and
one type by more shallow facets, resulting in a different height of the structures. A
summary of aspect ratios (height/diameter) of InAs structures grown on dot shaped
open area windows with a diameter variation of 300 nm to 520 nm is shown in
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Figure 4.8.: AFM bird’s-eye view images of faceted InAs structures grown on dot
shaped open area windows. The scan area size is (10× 10) µm2.
Table 4.1.
Table 4.1.: Aspect ratio of Type I and Type II structures as observed by AFM
TS [◦C] In flux [ cm−2s−1] Aspect ratio: shallow Aspect ratio: steep
460 4.4 0.29± 0.02 0.45± 0.04
470 4.4 0.35± 0.02 –
480 4.9 – 0.61± 0.03
480 5.5 – 0.50± 0.02
480 8.2 – 0.47± 0.04
To calculate the aspect ratio of the faceted structures, the height of the structures
above the SiO2 mask is measured by AFM and added with the 30 nm of the mask
thickness. The open area diameter is taken from FE-SEM images of corresponding
structures. The aspect ratios of the steep structures exceed (0.45 ± 0.04), while
the shallow structures are characterized by aspect ratios of (0.29 ± 0.02) – (0.35 ±
0.02). The formation of shallow, moderately steep and steep faceted structures has
been described for self assembled grown InAs/GaAs(001) quantum dots, where a
transition of shallow dots mainly consisting of {137} side facets to steeper dots with
some {011} side facets was observed for dots with a base diameter of 20− 30 nm
[40, 41, 42]. Kratzer et al. found aspect ratios exceeding 0.4 for the steep dots and
aspect ratios of 0.29− 0.33 for shallow dots consisting of {137} and some {011} side
facets [42], which is in good agreement with the results described here.
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Figure 4.9.: Example of angle measurements of shallow faceted structures by AFM.
Figure 4.10.: Example of angle measurements of steep faceted structures by AFM.
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To understand the developed faceted structures in more detail, the angles of the
facets are measured using AFM. It should be noted that there is a relatively large
experimental uncertainty for angle measurements with AFM due to the cantilever
Si probe geometry. The highest lateral resolution obtainable with a specific tip is
determined by the radius of the curvature of the end of the tip. The radius of the
curvature of a clean VEECO Si probe tip used for the investigations is 5 − 10 nm
[43]. The vertical resolution is approximately 0.1 nm. To reduce the experimental
uncertainty, all the faceted structures are measured with a low scanning frequency of
0.4 Hz and only new and clean tips are employed. Still, an experimental uncertainty
of 5◦ is expected. However, the angle measurement of the facets by AFM can give an
estimation of the facets involved in forming the steep and shallow faceted structures.
Figure 4.9 shows an example of angle measurements of a structure with shallow
top facets. At the base of the structure a facet with an angle of (45± 5)◦ with respect
to the (001) plane is observed, corresponding well with the angle of a {011} facet,
which is characterized by an angle of 45◦ with respect to the (001) plane. The angles
of the top facets are determined to (23 ± 5)◦ and (25 ± 5)◦, corresponding well to
{137} facets that are characterized by an angle of 24.31◦ with respect to the (001)
plane. By at least six measurements of the facets of shallow faceted structures, the
following angles are determined. For the facets measured along the [110] direction
an average angle of (55± 10)◦ is found, agreeing well with the interpretation of the
facets as (111)A facets. For facets formed at the base of the structure an average
angle of (46± 7)◦ is determined, implying the formation of {011} facets. Finally, the
average angle of the shallow top facets is found to be (24± 9)◦, corresponding well
with the interpretation of these facets as {137} facets.
Figure 4.10 shows an example of angle measurements of a structure with steep
facets. For a measurement along the [110] direction facet angles of (51 ± 5)◦ and
(55± 5)◦ are measured, corresponding well with the interpretation of these facets as
(111)A facets. The angle of the top facet measured for the exemplary shown faceted
structure in Fig. 4.10 is determined to (43 ± 5)◦. By at least six measurements of
the facets of steep faceted structures, the following angles are determined. For the
facets measured along the [110] direction an average angle of (53± 9)◦ is found. The
average top facet angle accounts to (45± 7)◦.
Even though there is a relatively large experimental uncertainty in the mea-
surement result, the AFM measurement results strengthen the interpretation of
{137}-facet dominated shallow structures (Type I) and {011}-facet dominated steep
structures (Type II).
From the results shown in Fig. 4.7 and in Tab. 4.1 it is to be expected that Type
II dots are most likely to be formed beyond a critical thickness of the deposited
material in dependence of the open area window size. However, other influences
such as strain from the SiO2 mask, the V/III flux ratio and In-Ga intermixing at the
interface have also to be considered. In the following some of the possible influences
will be shortly discussed. Figure 4.11 shows InAs structures grown at TS = 470◦C
with an In flux of 4.4 × 1013 cm−2s−1, corresponding to a nominal thickness of
80 nm, under different As4 pressures. The As4 BEP is varied from 1.2 × 10−5 to
3.0×10−5 Torr. As can be seen in Fig. 4.11 (a) and (b) no profound difference is found
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Figure 4.11.: FE-SEM images of faceted InAs structures grown on dot shaped open
area windows at TS = 470◦C with an In flux of 4.4× 1013 cm−2s−1 in dependence
of the As4 BEP.
between samples grown at 1.2× 10−5 Torr and 1.8× 10−5 Torr. Both samples show
roughly the same distribution of Type I and Type II structures, with Type I structures
being the dominant structures for the open area window diameters of 390 nm [4.11
(a)] and 430 nm [4.11 (b)] shown here. For an As4 BEP of 3.0× 10−5 Torr [Fig. 4.11
(c)], still both types of faceted structures are observed on open area windows with a
diameter of d = 335 nm. However, the overall growth rate is drastically decreased
and the formation of InAs structures on the open area windows is suppressed. In
contrast to the samples grown at lower As4 BEPs, another type of faceted structures
is formed on large open areas. This Type III structure consists of two (111)A and
two (111)B facets and leads to a rectangle shape as can be seen in Fig. 4.11 (d). This
corresponds well with the fact, that (111)B facets are preferably formed under high
As pressures, as As trimers stabilize the (111)B surface [44, 45]. Thus, the formation
of the Type III faceted structure is more likely to occur at high As pressures. The
formation of the Type I and Type II facets seems to be relatively independent on the
incoming As flux. It has to be noted, however, that samples with lower As pressure
have to be fabricated to clarify this point.
It is also found that the formation of the Type I and Type II structures is relatively
independent on the variation of the pitch b (distance between neighboring open area
windows) in a range of b = 0.04 µm to 5 µm for holes with the same open area size.
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Figure 4.12.: FE-SEM images of faceted InAs structures grown on open area win-
dows sizes with a nominal thickness of 80 nm at TS = 470◦C on open area
windows with (a) d = 580 nm and (b) d = 300 nm, as well as on an extended
GaAs(001) surface (c). For growth at TS = 460◦C on open area windows with (d)
d = 460 nm and (e) d = 1 µm, as well as on an extended GaAs(001) surface (f).
Besides the amount of the deposited material, the biggest influence on the formation
of the InAs faceted structures is found to be the open area window size. Figure 4.12
shows two samples, both are grown with an As4 BEP of 1.8× 10−5 Torr and an In
flux of 4.4× 1013 cm−2s−1, corresponding to a nominal thickness of 80 nm. Sample
1 is grown at 470◦C and is shown for two different window sizes with diameters of
580 nm (a) and 300 nm (b), as well as for an extended GaAs(001) surface (c). Sample
2 is grown at 460◦C and is shown for window sizes with diameters of 460 nm (d),
1 µm (e) and for an extended GaAs(001) surface (f). For the middle sized open area
windows (a) and (d) Type I structures are found to exist on both samples. When
the window size is decreased, as shown exemplary in Fig. 4.12 (b), Type I structures
are no longer formed and only Type II structures are observed. This is in good
agreement with the result found for samples grown with larger In fluxes, i.e. a larger
nominal thickness of 100 nm, as shown in Fig. 4.7 for structures grown on an open
area window with d = 520 nm. Thus, for a critical amount of deposited InAs that is
dependent on the open area window size the formation of Type II faceted structures
seems to become energetically favorable. However, mainly Type II structures are
also observed for open area sizes beyond a critical diameter as shown exemplary in
Fig. 4.12 (d). This case is the same as for the InAs self-assembled growth on large
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Table 4.2.: Summary of InAs surface energies calculated by Moll et al. [46]
Orientation Reconstruction Surface energy (meV/Å2)
(110) (1× 1) relaxed cleavage plane 41
(100) β2(2× 4) 44
(111)A (2× 2) In vacancy 42
(111)B (2× 2) As trimer 36
open areas as demonstrated for both samples in Fig. 4.12 (c) and (e), where no Type
I structures with large base diameters such as d ≥ 400 nm are found. Thus, the
influence of the SiO2 mask boundary is believed to play a major role in the formation
of Type I dots in the selective area growth of InAs/GaAs(001).
In general, an InAs structure will form facets so as to minimize the total energy
with respect to its shape [46]. This total energy is given by [46]:
Etot = Eelastic + Esurface + Eedge. (4.2)
The leading terms responsible for the formation of different type of faceted struc-
tures are the elastic relaxation energy and the sum over the surface energies of the
surface facets, while the edge energy Eedge can be assumed to be approximately the
same for all the structures [46]. The calculations of Kratzer et al. showed that the
elastic relaxation energy in Equation 4.2 is an energy gain, while the facet formation
term is an energetic cost [42].
Surface energies of As-rich InAs equilibrium surface reconstructions obtained
within density functional theory calculations by Moll et al. are summarized in
Tab. 4.2 [46].
Kratzer et al. calculated the surface energy of the {137} surface under biaxial strain,
while the surface could relax freely in the direction of the surface normal within
density functional theory [42]. They found that the surface energy is significantly
reduced under compressive biaxial strain as shown in Fig. 4.13, and can fall below the
surface energy of 41 meV/Å2 of {011} surfaces in that case. Thus, the formation of
Type I structures with shallow {137} facets even for relative large scale InAs islands
with base diameters of d ≥ 400 nm is probably caused by the influence of the SiO2
mask boundary on the biaxial strain of the grown structure. The resulting biaxial
strain is considered to be larger than that for a self-assembled grown InAs island
that can expand freely on the open area. However, if further material is deposited on
top of the Type I structures, eventually the top {137} facets will be overgrown and
the {011} facets will become the dominant facets. This may be explained by the less
significant influence of the SiO2 mask boundary when InAs is added to the upper
part of the faceted structure which lies above the SiO2 surface. However, further
experiments will be necessary to clarify this point as the InAs/GaAs(001) system is
very complex and the faceting mechanism is not yet fully understood.
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Figure 4.13.: Surface energy of the {137} plane in dependence of biaxial strain in the
x-y-direction [42].
4.2.4. Etching
As already mentioned in the previous sections a competing behavior of an etching
and a growth process is found for several samples were an exposed GaAs surface
could be measured by AFM. This is exemplary shown in Fig. 4.14 for a sample
grown at TS = 510◦C, with an In flux of 4.4 × 1013 cm−2s−1 and an As4 BEP of
1.8 × 10−5 Torr. (a) shows the GaAs surface before the growth after heating the
substrate for 20 min at 600◦C under an As4 overpressure. It can be seen that some
damages exist at the GaAs/SiO2 boundary, but that the inner part of the open area
window is relatively homogeneous. Fig. 4.14 (b) shows the GaAs surface after the
MEE growth at TS = 510◦C for 3 h and 10 min. Next to the InAs nuclei, holes are
formed in the GaAs surface as evidenced by AFM measurements [Fig. 4.14 (c)]. The
depths of the holes account to approximately 8− 10 nm [Fig. 4.14 (d)].
A similar behavior of the formation of craters and holes in the GaAs(001) sur-
face was found by Zhang et al. for the growth of relatively large InAs islands on
As-terminated GaAs(001) surfaces [36]. In general, the congruent sublimation tem-
perature of GaAs during MBE is about 640◦C [47, 48]. However, Zhang et al. discuss
that at typical InAs growth temperatures, although the As pressure is kept high,
the dissociation of GaAs is not impossible [36, 49]. Still, the dissociation rate at the
growth temperatures applied here should be very low. Thus, most likely additional
influences contribute to the hole formation, next to the growth temperature. One
possible influence is the strain induced by the SiO2 mask. It is well known, that
the Indium incorporation rate decreases with increasing strain [36, 50] and that in
contrast dissociation processes are increased [51]. The findings of the holes may be
explained by the dissociation of GaAs leading to an evaporation of As2 from the
surface. The excess Ga atoms may then be incorporated into the InAs nuclei or be
desorbed.
The etching effect is more evident in samples fabricated at higher substrate tem-
peratures TS . In Fig. 4.15 (a) a FE-SEM photograph after 3304 cycles of In and As4
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Figure 4.14.: (a) FE-SEM photograph of dot shaped open area windows after heating
the substrate for 20 min at 600◦C. (b) FE-SEM image of dot shaped open area
windows after In and As4 deposition at 510◦C with an In flux of 4.4×1013 cm−2s−1.
(c) AFM bird’s-eye view image of an open area of the sample shown in (b). (d)
Corresponding measurement of the vertical distance of a hole formed in the GaAs
surface.
deposition (80 nm nominal thickness in conventional MBE) on a masked GaAs(001)
substrate with TS = 550◦C and an annealing step of ta = 2 s after In deposition is
shown. For this sample, prior to the In and As4 deposition, a 20 nm GaAs buffer
layer is grown on the substrate to decrease the influence of the initial surface dam-
ages. After the deposition of In and As4 a deep groove has been formed along
the [110] direction [Fig. 4.15 (a)]. As evidenced by ex-situ AFM measurements this
groove has a depth of approximately 90 nm and is therefore deeper than the 30 nm
of the SiO2 mask. In Fig. 4.15 (b) a schematic illustration of the AFM result is shown.
Indeed, the SEM and AFM observations imply that instead of epitaxial growth
an etching process occurred during the deposition of In and As4 using the MEE
sequence at TS = 550◦C. As shown in the previous sections, the sticking coefficient
of In under the applied growth conditions with TS = 550◦C is almost zero. This
conclusion is strengthened by the result of an Auger electron spectroscopy (AES)
measurement of the planar GaAs(001) substrate after the In and As4 deposition
[Fig. 4.16]. Despite the deposition of 3304 cycles In and As4 almost no In peak could
be detected. From the comparison with the In peak intensity of an InAs crystal, it is
concluded that the an In content is less than 5% on the wafer. In the inset of Fig. 4.16
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Figure 4.15.: (a) FE-SEM photograph after In and As4 deposition on a masked
GaAs(001) substrate with TS = 550◦C and ta = 2 s after In deposition in the
MEE sequence. (b) Schematic illustration of the occurred etching as evidenced by
AFM.
Figure 4.16.: Auger electron spectroscopy curve after In and As4 deposition on a
planar GaAs(001) substrate with TS = 550◦C and ta = 2 s after In deposition in
the MEE sequence. Almost no In peak could be detected after 3304 cycles of InAs
deposition (80 nm in conventional MBE). The inset shows a FE-SEM photograph
of the sample. The GaAs surface is clearly degradated.
the FE-SEM image of the clearly degradated GaAs surface is shown. Interestingly,
a spotty RHEED pattern has been formed after 5 min of growth with the MEE
sequence for this sample implying a roughening of the surface at an early stage of
the growth. This effect has not be seen in the initial heating of GaAs(001) surfaces
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Figure 4.17.: FE-SEM photograph of InAs grown on patterned GaAs(111)A sub-
strates at TS = 470◦C with an In flux of 4.4 × 1013 cm−2s−1 and an As4 BEP of
1.8× 10−5 Torr.
prior to growth. Thus, the deposition of In may also play a role in the occurred
etching. However, further experiments are necessary to clarify this point.
4.3. InAs/GaAs(111)A
Yamaguchi et al. reported that in contrast to the growth on GaAs(001),
InAs/GaAs(111)A growth via MBE is 2D for all InAs thicknesses [30, 52]. The
strain relaxation is explained by the formation of a hexagonal dislocation network
near the interface. This structural model was strengthened by a theoretical work of
Zepeda-Ruiz et al. [53]. The difference in the strain relaxation mechanism leads to
an improved flatness for InAs grown on GaAs(111)A compared to the growth on
GaAs(001) substrates [30]. Therefore, the SAE growth of InAs on SiO2 patterned
GaAs(111)A substrates is studied.
Figure 4.17 shows the result after the InAs growth on GaAs(111)A with an In
flux of 4.4 × 1013 cm−2s−1 and an As4 BEP of 1.8 × 10−5 Torr at TS = 470◦C. Flat
InAs layers with some triangular hillocks are formed. These hillocks are probably
caused by stacking faults [24, 25, 54]. It can be clearly seen from the growth on
relatively large open area windows that the whole GaAs surface is covered by an
InAs layer after applying the MEE growth sequence. In contrast to InAs/GaAs(001)
SAE, a relatively strong overgrowth beyond the SiO2 mask edge is observed, when
the thickness of the grown structure is higher than the 30 nm of the mask. This is
even more evident in Fig. 4.18 (a) and (c), where InAs is grown on cross-shaped
open area windows. The initial underlying cross-shaped open area is included as
an illustration. For the InAs structure grown with an In flux of 4.4× 1013 cm−2s−1
and a nominal thickness of 80 nm (a) as well as for the structure grown with an In
flux of 5.5 × 1013 cm−2s−1 and a nominal thickness of 100 nm (c), the underlying
open area window shape is not visible anymore, indicating that strong overgrowth
occurs along the [011¯] as well as along the [21¯1¯] direction.
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Figure 4.18.: FE-SEM images of InAs grown on patterned GaAs(111)A substrates at
TS = 480
◦C with an As4 BEP of 1.8×10−5 Torr and an In flux of 4.4×1013 cm−2s−1
[(a), (b)] and an In flux of 5.5× 1013 cm−2s−1 [(c), (d)], respectively.
For the two different In fluxes a change of the faceting is seen for InAs structures
grown on dot shaped open area windows with d = 520 nm. For the lower In flux
intensity, mostly hexagonal shaped structures with six {110} side facets and a flat
top facet are formed [Fig. 4.18 (b)]. In case of the larger In flux intensity, a higher
percentage of InAs structures with triangular shaped top facets and three {011} side
facets is observed. This difference in the faceting of the structures is most likely
caused by the difference of the net V/III ratio between the two samples. The lower
net V/III ratio in case of the sample grown with an In flux of 5.5 × 1013 cm−2s−1
[Fig. 4.18 (d)] leads to the preferred formation of {011} side facets.
4.3.1. Comparison between samples grown by MBE and by
simultaneous deposition of In and As4
To study the difference between MEE and MBE, samples grown with a simultaneous
deposition of In and As4 (hereafter noted as REF) are fabricated. The growth
sequence for the REF sample is: In + As4 for 1 s, As4 for 2 s, and annealing for
0.5 s. Figure 4.19 shows a comparison of a MEE and a REF sample for two different
diameters of the open area windows, d = 2.5 µm [(a), (c)] and d = 520 nm [(b), (d)].
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Figure 4.19.: FE-SEM images demonstrating the dependence of the growth area fill
factor on the open area size. (a) and (b) for MEE grown samples. (b) and (d) for
samples with a simultaneous deposition of In and As4.
Both samples are grown at TS = 480◦C with an In flux of 4.9× 1013 cm−2s−1 and a
nominal thicknesses of 90 nm.
For the smaller open area diameter of d = 520 nm no difference is seen for the two
methods. Flat hexagonal shaped InAs pillars are formed and the whole GaAs open
area window is covered [Fig. 4.19 (b), (d)]. The growth on open area windows with
d = 2.5 µm shows a profound difference. For the MEE grown sample the whole
open area is covered by InAs [Fig. 4.19 (a)]. At the boundaries to the SiO2 mask
hillocks are formed. The height of the structure is higher at the edges than in the
middle of the structure, as evidenced by AFM measurements. In case of the REF
grown sample, in the middle part of the open area window a triangular shaped area
is left uncovered [Fig. 4.19 (c)]. The sides of this triangle are orientated along the
{011¯} directions. This difference in the open area fill factor demonstrates that the
migration length of In atoms on the InAs/GaAs surface is larger in case of MEE as
compared to the migration length in case of MBE.
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Figure 4.20.: FE-SEM images of windows with an area size of A ≈ 5.15 µm2 and
distances varying from 1 to 20 µm after the deposition of InAs with a nominal
thickness of 53 nm at TS = 470◦C.
4.3.2. Study of the migration lengths and the diffusion
To study the influence of the open area window distance on the volume of the grown
structures, pattern with open area window sizes of ≈ 5.15, 1.63 and 0.5 µm2 and
distances varying from 1 to 20 µm are fabricated, as exemplary shown in Fig. 4.20.
InAs is then deposited simultaneously on the different pattern to guarantee the
same growth conditions for the different open area window distances. In a normal
diffusion model, where deposited material on the mask diffuses to the open area and
is incorporated into the grown structures, one expects an increase of the structure
volume with an increase of the open area window distance and a saturation of the
volume when the open area window distance is in the same order as the migration
length of the group-III atoms on the mask material.
The investigated structures fabricated in this work, however, showed a different
behavior, where the volume of the structures decreased with increasing open area
window distance as shown exemplary in the insets of Fig. 4.20. It can be clearly
seen, that the growth area fill factor for the open area window size of 5.15 µm2
is strongly reduced for the open area window distance of 20 µm as compared to
the growth area fill factor for an open area window distance of 2 µm. To evaluate
the volumes of the grown structures the height of grown structures is measured
by AFM and then added with the 30 nm thickness of the SiO2 mask. The area
size of the dots is determined by FE-SEM images. To enhance the credibility of
the measurement, only structures without profound hillocks and with relatively
small window area sizes of 1.63 and 0.5 µm2 are taken into account. Figure 4.21
shows an example of an AFM measurement of InAs structures grown on open area
window sizes with A = 0.5 µm2 for two different open area window distances (1.5
and 10 µm, respectively) after the deposition of InAs with a nominal thickness of
90 nm at TS = 480◦C. It can be clearly seen, that the height of the structures and
thus their volume is drastically reduced for structures grown on open area windows
with an open area window distance of 10 µm as compared to structures grown
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Figure 4.21.: AFM images of dot shaped open area windows with a size of A ≈
0.5 µm2 and two different distances between the holes (1.5 and 10 µm, re-
spectively) after the deposition of InAs with a nominal thickness of 90 nm at
TS = 480
◦C.
on open area windows with a distance of 1.5 µm. The measured height above the
SiO2 mask accounts to ≈ 26 nm for the structures grown with a smaller open area
window distance while the height for structures grown on pattern with a larger
open area window distance is found to be≈ 6 nm. Thus, taken the height of the SiO2
mask into account, structures with a height of ≈ 56 nm and ≈ 36 nm are formed,
respectively. This means that the height of the structures is also drastically reduced
compared to the nominal thickness of 90 nm on a planar substrate. To analyze the
volume in dependence of the hole distance in more detail, the heights of at least
six structures are measured for hole distances of 1.5 µm, 5 µm, 10 µm and open
area sizes of 1.63 µm2 and 0.5 µm2 for a sample grown at TS = 480◦C with an In
flux intensity of 4.9× 1013 cm−2s−1 and a nominal thickness of 90 nm by MEE. The
result is summarized in Fig. 4.22. The determined volumes affirm the trend of a
reduced volume with increased hole distance. For larger hole distances of 20 µm the
structures were not grown above the SiO2 mask anymore, and the volume could not
be determined reliably.
To study if this anomaly of the volume dependency on the hole distance is directly
related to the MEE growth sequence, a sample grown by simultaneous deposition
of In and As4 is fabricated. The relating growth sequence is: In + As4 for 1 s, As4 for
2 s, followed by a 0.5 s annealing step. The other conditions, the nominal thickness
of 90 nm and the growth temperature TS = 480◦C as well as the In flux intensity,
are kept constant. The volume dependency on the hole distance of this sample is
summarized in Fig. 4.23. It can be seen that a similar trend occurs and that the
volume decreases with increasing open area window distance.
A similar behavior has been reported for the catalyst-free growth of GaAs
nanowires by selective-area metalorganic vapor-phase epitaxy in the work of No-
borisaka et al [55]. However, their model to explain the behavior seems not to be
consistent. They explain that the lifetime of adatoms on the mask material may be
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Figure 4.22.: Volume in dependence of the open area window distance for samples
grown by migration enhanced epitaxy on two different open area sizes.
Figure 4.23.: Volume in dependence of the open area window distance for samples
grown with simultaneous deposition of In and As4 on two different open area
sizes.
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Figure 4.24.: Schematic diagram of the geometry used to analyze the diffusion.
effectively shortened when the hole distance is shorter, since the species diffusing
or migrating on the mask can easily find the nanowires to be incorporated. This
effect, however, should be the same for all open area window distances. The other
possibility discussed in their publication is that species once desorbed from the
masked area are readsorbed on the faceted surfaces. However, this effect should be
independent on the open area window distances as well.
To understand the experimental findings, thus, a different model is necessary.
As mentioned earlier, the height of the grown InAs/GaAs(111)A structures is also
drastically reduced compared to the nominal thickness of 90 nm on a planar sub-
strate. This means that probably a high percentage of the In adatoms arriving at
the InAs structures is diffusing to the mask and desorbed there. This explanation
is strengthened by a simple one-dimensional model that is applied to analyze the
influence of the diffusion lengths, the lifetimes τi on the mask and the open area,
and the mask/GaAs-area ratio on the In adatom concentration in the open area
window.
Figure 4.24 shows the symmetry of the one-dimensional geometry that is applied
to take the diffusion contribution from neighboring windows into account. The
first region from −a+b2 to −a2 is a masked area, the second region from −a2 to a2 is
the open area window, and the third region from a2 to
a+b
2 is again a masked area.










where ni is the concentration of adsorbed In atoms in the respective region, g the
incoming flux,Di the surface diffusion coefficient, and τi the lifetime of the adsorbed
atom before incorporation or desorption.
τi can be calculated from the incorporation lifetime τi−inc and the desorption lifetime
τi−des by using Matthiessen’s rule:
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Figure 4.25.: Change of In adatoms concentration in the open area at n2(0) in depen-



























Diτi denotes the migration length on the mask or on the open area,
respectively.
This equation is now solved under boundary conditions. A description of the
calculation is given in Appendix B. In the following i = 1 is chosen for parameters
in the mask area, while i = 2 is chosen for parameters on the open area window. The
solution of n2(0) which denotes the In atom concentration at the middle of the open
area window (in the case a > 0) is then analyzed for different sets of parameters.
If a  L2 or a = 0, the concentration of the In atoms is given by gτ1, which is
reasonable as a denotes the length of the open area width. Thus, if a  L2 the
influence of the adatom lifetime in the open area becomes negligible as almost all
adatoms will diffuse to the mask area. In the case that b L1 or b = 0, the solution
of the In concentration n2(0) is given by gτ2, meaning that the influence of the mask
area can be neglected. This is also reasonable, as b denotes the mask area length.
Interestingly, the solution of n2(0) is strongly dependent on the ratio of the lifetimes
τ2/τ1.
Fig. 4.25 shows the concentration n2(0) divided by gτ2 in dependence of the mask
area width in a range of 0 to 5 µm in case of τ2/τ1 = 0.2, meaning that the lifetime of
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Figure 4.26.: Change of In adatoms concentration in the open area at n2(0) in depen-
dence of the open area window distance for τ2/τ1 = 1.2.
the adatoms on the open area is smaller than the lifetime of the adatoms on the mask.
The other parameters are set as follows: L1 = 10 µm, L2 = 5 µm and a = 0.3 µm,
which is near to experimental conditions. It should be noted however, that a similar
trend is seen for other values of L1 and L2 as long as a and b are sufficiently larger
than 0. The lifetimes τ1 and τ2 are given by Eq. 4.4 and are thus dependent on the
incorporation and the desorption. In the following we assume that τ1−inc = ∞,
meaning that no nucleation takes place on the SiO2 mask, which is in agreement
with the experimental conditions. For the lifetime of the adatoms on the open area,
however, the diffusion and the desorption have to be taken into account. As can be
seen in Fig. 4.25, n2(0)/(gτ2) increases with an increase of the mask area width if
τ2/τ1 = 0.2. The same result is given for all cases where τ2 < τ1. This dependence
is equal to the conventional diffusion model, where the adatoms deposited on the
mask material have time to diffuse to the open area and are then incorporated into
the crystal or desorbed after a lifetime τ2.
A striking difference, however, is seen in the case that τ2 < τ1, exemplary shown
in Fig. 4.26 for τ2/τ1 = 1.2. The other parameters are the same as in Fig. 4.25. In this
case, the In adatom concentration n2(0)/(gτ2) decreases with an increase of the open
area width. Such a trend in the In adatom concentration could lead to the observed
experimental findings. Thus, it has to be discussed, if τ2 > τ1 is possible under the
applied experimental settings.
The growth temperature TS = 480◦C of the samples is near to the temperature
where desorption alone leads to an InAs free SiO2 surface as has been shown in
Section 4.1. Thus, the lifetime τ1 = τ1−des on the mask area can be considered to be
very small. The discussion of the lifetime τ2 on the open area is more complicated,
as for τ2 the desorption and the incorporation have to be considered. As can be seen
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Figure 4.27.: In adatoms concentration ratio n2(0)[b = 0.5 µm]/n2(0)[b = 50 µm] in
the open area at n2(0) in dependence of the ratio τ2/τ1.
in Fig. 4.18 and Fig. 4.19, {110} vertical side facets and (111)A top facets have been
developed under the applied growth conditions for structures grown on relatively
small open area windows. The development of facets implies a long τ2−inc, as the
incorporation lifetime τ2−inc needs to be long enough for the adatoms to diffuse
to favorable nucleation sites. It is reasonable that after the development of facets
τ2−inc > τ1−des. However, the other important point that needs to be discussed is,
if τ2−des can become longer than τ1−des. Indium adatoms that are diffusing on the
grown InAs structures are moving from one minimum of the surface potential to
the next. Even though there are not incorporated into the crystal it is still reasonable
to assume that their volatility is smaller than the volatility of In adatoms that are
moving on the mask material. Thus, it is thinkable that τ2 becomes longer than τ1,
in a system where faceted structures have been formed on the open area and where
the growth temperature is near to a critical TS that leads to a very short τ1 on the
mask material.
This assumption also fits well with the experimental settings of Noborisaka et.
al [55]. They studied the self-catalyzed growth of GaAs nanowires on GaAs(111)B
substrates and describe the development of vertical {110} side facets and (111)B
top surfaces. The growth was carried out by MOVPE at a growth temperature of
TS = 750
◦C. This growth temperature is rather high, and probably leads to zero
deposition of GaAs even on an extended SiO2 surface.
For the experimental data found in the study presented here and by taking into
account the solution of the simple diffusion model, I assume a “hopping model” that
leads to the volume anomaly in the experimental data. The volume of the grown
structures is directly related to the In adatom concentration on the open area at
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Figure 4.28.: Change of In adatoms concentration in the open area at n2(0) in depen-
dence of the ratio τ2/τ1 for an open area distance of b = 0.5 µm.
a given point. The increase of the In adatom concentration in dense areas of the
pattern is explained in the following way. Adsorbed In adatoms on the developed
facets of InAs structures diffuse to the masked area. There they have a very short
lifetime τ1 and are easily desorbed. However, if the open area window distance, i.e.
the mask width, is short enough they may reach the next faceted structure grown on
the neighboring open area window. Thus the In concentration in dense patterned
areas is increased compared to the In adatom concentration on patterned areas with
large open area window distances.
Figure 4.27 demonstrates the change of the In adatom concentration ratio for two
different mask area widths n2(0)[b = 0.5µm]/n2(0)[b = 50µm] in dependence of
the lifetime ratio τ2/τ1. The other parameters are set to the same values as in the
previous figures discussed. This graph illustrates the change from the conventional
diffusion model where τ2 < τ1 to the hopping model where τ2 > τ1. The boundary
between the two models is given in the case that τ2 = τ1. In the case of τ2 < τ1 the
In adatom concentration in dense patterned areas will be always smaller than the In
adatom concentration in patterned areas with large open area window distances.
For τ2 > τ1 however, the In adatom concentration in dense patterned areas will be
always larger than in patterned areas with large open area window distances.
As discussed before, the height of the grown InAs structures is also found to be
much smaller than the nominal thickness deposited. Only heights of ≈ 56 nm are
observed for structures grown on open area windows with A = 0.5 µm2 and a hole
distance of 1.5 µm despite the deposition of InAs with a nominal thickness of 90 nm.
This finding can be also explained by assuming the hopping model, as illustrated
in Fig. 4.28. This graph shows the In adatom concentration n2(0)/(gτ2) for a mask
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Figure 4.29.: InAs growth on patterned GaAs(111)B substrates with open area win-
dow sizes of d ≈ 380 nm and with In fluxes of (a) 4.4 × 1013 cm−2s−1, (b)
5.5 × 1013 cm−2s−1 and (c) 8.2 × 1013 cm−2s−1. The sample stage angle is 30◦
tilted with respect to the (001) plane in (c). The insets in the FE-SEM images show
typical faceted structures observed. (d) presents a schematic illustration of facets
that are possible for structures grown on the (111)B plane.
area width of 0.5 µm in dependence of the lifetime ratio τ2/τ1. It can be clearly seen
that the general In adatom concentration decreases drastically with an increase of
τ2/τ1. This can be explained quite easily by the fact that in the case that τ2/τ1 > 1, a
high percentage of the deposited material will be desorbed, resulting in a lower net
growth rate.
4.4. InAs/GaAs(111)B
The selective area growth of GaAs on GaAs(111)B surfaces has been widely studied
to realize hexagonal pillars with {110} vertical side facets [27, 57], for the fabrication
of GaAs tetrahedral quantum dot structures [10] and for the realization of nanowires
[58, 59]. Here, a study of InAs growth on patterned GaAs(111)B substrates on open
area windows with d ≈ 380 nm by MEE is given.
Figure 4.29 shows samples grown under different In fluxes with (a) 4.4 ×
1013 cm−2s−1, (b) 5.5 × 1013 cm−2s−1 and (c) 8.2 × 1013 cm−2s−1 on patterned
GaAs(111)B substrates with open area window sizes of d ≈ 380 nm. The As4
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pressure is kept constant at 1.8× 10−5 Torr. The nominal thicknesses of the samples
are (a) 80 nm, (b) 100 nm and (c) 75 nm (grown with a shorter growth time), respec-
tively. In Fig. 4.29 (d) an illustration of possible facets in case of growth on the (111)B
plane is given. It can be clearly seen that there is a strong change in the faceting for
the different In fluxes. In case of the lowest In flux investigated, mostly hexagonal
shaped faceted structures consisting of six {110} vertical facets and a top (111)B
facet are formed, as shown exemplary in the inset of Fig. 4.29 (a). This is explained
by the higher net V/III ratio of this sample as compared to the samples shown in
(b) and (c). A higher As pressure leads to a preferred development of (111)B facets,
as the (111)B plane is stabilized by As trimers [44, 45, 60]. For samples with the
highest In flux investigated, the faceted structures are triangular shaped and consist
mainly of three {011} side facets. For some structures, a relatively narrow top (111)B
facet remains. An example of this type of faceted structure is shown exemplary in
the inset of Fig. 4.29 (c). For a flux of 5.5× 1013 cm−2s−1, mainly “hybrid” faceted
structures with (111)B top facets, vertical {110} facets and {011} side facets are
found as shown exemplary in the inset of Fig. 4.29 (b). The development of the facets
is in good agreement with studies on the selective growth of GaAs/GaAs(111)B
[22, 59], where similar shaped faceted structures are formed in dependence of the
net V/III ratio. The microstructural analysis by TEM presented in Chapter 5 reveals
a high percentage of stacking faults in the InAs/GaAs(111)B structures.
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of SAE grown InAs/GaAs*
For the realization of semiconductor devices in a bottom-up approach the control
of the nanostructure shapes and the interface quality are crucial. This chapter
describes structural properties of selectively grown InAs nanostructures. First, x-ray
diffraction (XRD) measurements and Raman spectroscopy results of InAs grown on
GaAs(001) and GaAs(111)A are presented and discussed. Next, the microstructural
properties of InAs grown on GaAs(001), GaAs(111)A and GaAs(111)B as evidenced
by transmission electron microscopy (TEM) are described. For InAs/GaAs(001)
and InAs/GaAs(111)A the nanostructure composition is investigated by electron
dispersive x-ray spectroscopy (EDS). The growth of the investigated samples is
presented in Chapter 4.
5.1. XRD measurements
To get a first understanding of the average strain and the orientation of the se-
lectively grown InAs nanostructures, symmetric reflexes are investigated by XRD
measurements.
For the following short introduction, a growth of the InAs structures along the
z-direction and a negligible distortion of the substrate is assumed. In a XRD mea-
surement the relative position of the layer peak with respect to the substrate peak is
measured. The vertical lattice mismatch with respect to the unstrained substrate is









with ∆ΘB defined as the difference between the substrate peak position and the
peak position ΘB of the layer.
In case of pseudomorphic growth and a complete tetragonal distortion, (∆a/a)⊥
gives the completely distorted lattice mismatch. The relaxed lattice mismatch in the
[001] direction for the growth on GaAs(001) can be calculated from the completely













*Some of the results discussed in this chapter have been published in M. Zander et al., Phys. Status
Solidi C (2012) 2, 218-221. Only contributions of the author of this thesis are used.
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In case of the growth on GaAs(111)A the relaxed lattice mismatch in the [111]













The elastic constants of InAs at room temperature are hereby: C11 = 8.34 ×
1011 dyn cm−2, C12 = 4.54 × 1011 dyn cm−2 and C44 = 3.95 × 1011 dyn cm−2
[7], respectively.
In case of the formation of a ternary alloy AxB1−xC, Vergad’s law allows an approxi-
mation of the composition by:
x =
[1 + (∆a/a)⊥] · aS − aBC
aAC − aBC . (5.4)
It should be noted, that a relaxation of the lattices through the formation of disloca-
tions is expected in the InAs/GaAs system. To calculate dislocation influences on the
lattice relaxation by XRD, asymmetric reflexes have to be measured. An additional
thinkable strain relaxation mechanism is In/Ga intermixing at the interface. In
this work, the formation of dislocations in the InAs/GaAs nanostructures and the
compositional changes at the interface are investigated by means of TEM and EDS
measurements.
The XRD measurements of the InAs/GaAs(001) samples were carried out
in a RINT TTR III diffractometer from Rigaku. For the measurement of the
InAs/GaAs(111)A sample a PANalytical X´Pert diffractometer from Philips has
been used. Both diffractometers are equipped with Cu cathodes emitting at a
wavelength of 1.54056 Å (Cu Kα1).
5.1.1. XRD investigation of InAs/GaAs(001)
For InAs grown on GaAs(001) substrates, XRD and Raman spectroscopy measure-
ments of two SAE grown InAs/GaAs(001) structures are discussed. The first sample
is grown at TS = 470◦C with an In flux of 4.4×1013 cm−2s−1 and a nominal thickness
of 80 nm (hereafter noted as “Struc1”). The second sample is grown at TS = 480◦C
with an In flux of 4.9× 1013 cm−2s−1 and a nominal thickness of 90 nm (hereafter
noted as “Struc2”).
The two samples are selected as they show a different distribution of Type I and
Type II faceted structures on the dot shaped open area windows with d ≤ 580 nm
discussed in Chapter 4. “Struc1” consists of mainly Type I shallow faceted structures
and “Struc2” of mainly Type II steep faceted structures on the dot shaped open area
windows. This difference is attributed to their respective difference in the open area
window size.
Fig. 5.1 shows symmetric ω − 2θ scans near the GaAs(004) reflection for these
two SAE grown InAs/GaAs(001) samples and corresponding FE-SEM images taken
from radial arranged pattern and dot shaped open area windows. (a) shows FE-
SEM images of “Struc1”. The dot shaped open area windows have a diameter of
d = 580 nm. In (b) FE-SEM images of “Struc2” can be seen. The dot shaped open
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Figure 5.1.: Symmetric ω − 2θ scans near the GaAs(004) reflection and corre-
sponding FE-SEM images of the measured samples. (a) TS = 470◦C, In flux
4.4× 1013 cm−2s−1, nominal thickness 80 nm (“Struc1”). (b) TS = 480◦C, In flux
4.9× 1013 cm−2s−1, nominal thickness 90 nm (“Struc2”).
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Figure 5.2.: XRD measurement of InAs structures grown on GaAs(111)A and corre-
sponding FE-SEM images of the sample. The growth conditions are TS = 470◦C,
In flux 4.4× 1013 cm−2s−1, nominal thickness 80 nm.
area windows have a diameter of d = 300 nm.
In the symmetric XRD spectrum, no profound difference is seen between “Struc1”
and “Struc2”. Both samples show a peak that can be attributed to In(Ga)As(004) at
2θB = (61.36±0.03)◦, corresponding to a lattice parameter of a[001] = (6.04±0.01) Å.
This value is much smaller than that for InAs under complete tetragonal distortion
in case of pseudomorphic growth of 6.95 Å and also smaller than the natural lattice
constant without distortion of 6.0583 Å. In case of the growth of pure InAs, the
observed lattice mismatch would correspond to a tensile strain of the layer of 0.3 %
with respect to the natural lattice constant. The most plausible explanation for this
shift of the InAs peak is that the InAs structures contain Gallium. Assuming that
Vergard’s law [Eq. 5.4] is valid, the measured lattice mismatch corresponds to an In
content of x = 0.89 in a ternary InxGa1−xAs alloy.
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The EDS analysis of InAs/GaAs(001) structures confirmed the existence of Ga
in the island. An InGaAs compound has been formed at and below the interface
for some structures. In a distance of ≈ 30 nm from the interface the Ga content
denotes to 5− 6 % as shown in Section 5.3.1. Thus, the assumption that the peaks at
2θB = (61.36± 0.03)◦ correspond to In(Ga)As is reasonable. This is also consistent
with the results of Joyce et al., who describe the nucleation of InAs quantum dots
(QDs) on GaAs(001) [64]. They discuss that with the possible exception of very low
temperature growth, InAs/GaAs(001) QDs are in general not composed of InAs,
but are in fact InxGa1−xAs [64].
5.1.2. XRD investigation of InAs/GaAs(111)A
Figure 5.2 shows a symmetric ω − 2θ scan near the GaAs(222) reflection and corre-
sponding FE-SEM images of InAs/GaAs(111)A grown at TS = 470◦C with an In flux
of 4.4× 1013 cm−2s−1 and a nominal thickness of 80 nm. At 2θB = (52.13± 0.02)◦ a
peak attributed to InAs(222) is detected. The corresponding lattice parameter and
the lattice mismatch are a[111] = (3.50± 0.01) Å and (∆aa )⊥ = 7.4%, respectively. If
pseudomorphic growth is assumed the relaxed lattice mismatch would account to
(∆aa ) = 4.8%. This value is much smaller than the natural lattice mismatch of 7.2%.
Thus, it is likely that the growth is not pseudomorph and that strain relaxation by the
formation of dislocations occurs. However, the lattice is not fully relaxed and a slight
compressive strain remains. Furthermore, it is thinkable that Ga may be present in
the grown structure. As will be shown in Section 5.3.2, EDS measurements imply
that some Ga is incorporated into the grown structure. However, the percentage
is lower than in the case of InAs/GaAs(001) and accounts to 3 − 4% at a position
of ≈ 30 nm above the interface. In addition to the InAs(222) peak, a smaller peak
attributed to InAs(113) at 2θB = (49.88 ± 0.02)◦ is detected in the spectrum. The
appearance of this peak is explained by the presence of some polycrystalline grains
on the extended area of the mask material.
5.2. Raman spectroscopy
The XRD spectra give an average lattice mismatch over the whole measured struc-
ture. To analyze if there are strain variations in the different structures on one
substrate, optical phonons in the InAs/GaAs heterostructures are investigated by
means of µ-Raman measurements. To allow a comparison with the XRD results, the
same samples as discussed in the previous section are investigated.
The Raman measurements are carried out in backscattering geometry at room
temperature in a “inVia Reflex” system by Renishaw equipped with a solid state laser
emitting at 532 nm, focused with a 50×microscope objective. The incoming light is
linear polarized, however, no polarization filter is available for the backscattered
light in the used measurement setup. The measurements are realized with an
excitation power of ≈ 4 mW at the sample position.
The spot size of the laser is 2 µm. The samples are set on a stage with [110]
orientated along the x-direction, [11¯0] orientated along the y-direction for the
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InAs/GaAs(001) samples and with [01¯1] orientated along the x-direction, [21¯1¯]
orientated along the y-direction for InAs/GaAs(111)A, respectively. For the applied
wavelength of 532 nm the GaAs absorption coefficient denotes to ≈ 4× 104 cm−1
[65]. This corresponds to a penetration depth of ≈ 250 nm into InAs/GaAs, before
the intensity falls to 1/e. In Raman spectroscopy of cubic (zincblende) GaAs and
InAs, the transversal optical (TO) phonon is allowed in backscattering geometry
from the {110} and {111} surfaces, whereas the longitudinal optical (LO) phonon is
allowed from {100} and {111} surfaces.
5.2.1. Raman spectroscopy of InAs/GaAs(001)
Figure 5.3 shows Raman spectra and corresponding FE-SEM/AFM images of the
areas of “Struc1”, where the Raman spectra are taken. Additionally, a reference
peak taken from the same sample at an extended SiO2 mask region is included. The
“square dot” area consists of Type II faceted structures ({011} steep facets), while
“dot area 1” and “dot area 2” consist mainly of Type I faceted structures ({137}
shallow facets) and Type I + Type II hybrid structures. The different types of the
faceted structures are discussed in Chapter 4, Subsection 4.2.3. As the spot size of
the laser is 2 µm, approximately nine structures contribute to the spectrum of “dot
area 1”. “Dot area 2” is the contributed spectrum of approximately four structures,
while only one to two structures contribute to the “square dot” spectrum.
In the Raman spectra of the nanostructure areas, three relatively strong peaks
can be seen. The peak at ≈ 291 cm−1 corresponds to the GaAs LO phonon peak.
At ≈ 267 cm−1 a peak attributed to the GaAs TO phonon is detected. This peak
is usually forbidden in the applied measurement configuration and is most likely
caused by disorder in the substrate. The GaAs TO peak is also observed in the
reference spectrum taken at an extended SiO2 mask area of the same sample. It is
thinkable, that the disordering is caused by damages introduced during the SiO2
sputtering process leading to a degradation of the crystal quality at the surface.
However, Raman spectra of GaAs reference wafers without a SiO2 mask have to be
measured to clarify this point.
A relatively strong peak at ≈ 216 cm−1 is detected on all three nanostructure
areas and attributed to the TO phonon peak of InAs, coming from {110} and {111}
planes, suggesting that the TO phonon has become an allowed scattering mechanism
[66]. The existence of the TO phonon can be explained by the faceted surface of
the grown InAs/GaAs(001) structures. The long wave TO phonon energy of bulk
InAs is 27 meV, which corresponds to a wavenumber of 217.77 cm−1. The detected
wavenumber is thus very near to the bulk value. For the spectrum taken in the
“square dot” area, an additional weak LO phonon peak near 240 cm−1, coming
from {001} and {111} planes, is detected. The position of the LO phonon peak is
slightly shifted with respect to the LO phonon peak position of 233.9 cm−1 in case
of bulk InAs at 300 K. This shift to higher wavenumbers (higher energies) can be
caused by strain in the structure or by Ga incorporation into the InAs structure.
Still, as no strong shift is observed for the TO phonon as well as for the LO phonon
with respect to the bulk InAs phonon positions, a strong strain relaxation of the
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Figure 5.3.: Raman spectra of InAs structures grown on GaAs(001) at TS = 470◦C
with an In flux of 4.4× 1013 cm−2s−1 and a nominal thickness of 80 nm (“Struc1”)
and corresponding FE-SEM/AFM images . (a) Dot area 1. (b) Dot area 2. (c)
Square dot.
In(Ga)As/GaAs(001) structures is expected, which is in good agreement with the
XRD result. Furthermore, the fact that the TO phonon peak appears at almost the
same Raman shift position for the nanostructures grown on different areas on the
sample implies that the strain is released to the same degree in Type I and Type
II faceted structures. In the previous chapter, the appearance of relatively large
scale Type I faceted structures with {137} shallow facets is explained by a possible
influence of the SiO2 mask on the biaxial strain of grown structures. From the Raman
spectroscopy measurements in a backscattering geometry it is not possible to see this
influence. Furthermore, if there are strain differences in Type I and Type II structures,
they are maybe too small to be detected by Raman. In general, the limit of strain
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Figure 5.4.: Raman spectra of InAs structures grown on GaAs(001) at TS = 480◦C
with an In flux of 4.9× 1013 cm−2s−1 and a nominal thickness of 90 nm (“Struc2”)
and corresponding FE-SEM images. (a) Dot area 1. (b) Dot area 2. (c) Square dot.
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sensitivity of Raman spectroscopy for GaAs is approximately (a−a0)/a0 = 5×10−4,
and reliable data for strains of (a−a0)/a0 = 5×10−3 with an uncertainty of 2×10−4
may be obtained [67]. This is due to the fact that it is difficult to clearly observe a
shift in the optical phonon energy of less than 0.2 cm−1 [67]. In the measurements
presented here, the sensitivity of the strain determination is even lower as the Raman
shift resolution denotes only to 1.5 cm−1.
The spectra taken from the different nanostructure areas show an asymmetry at
the high frequency side of the InAs TO phonon. This assymetry could be caused by
small peaks attributed to scattering from surface optical phonons (SO) [66, 68] or by
small peaks attributed to the formation of InGaAs compounds at the interface [69].
Figure 5.4 shows Raman spectra of InAs “Struc2” nanostructures and correspond-
ing FE-SEM images of the areas where the spectra are taken. As can be seen in the
FE-SEM images, the structures on the dot shaped area windows with d = 300 nm [(a)
and (b)] are consisting of Type II faceted structures with steep facets. The structures
on the “square dot” area consist of structures with {113} facets and Type I faceted
structures. As for the “Struc1” sample, three relatively strong peaks are observed
for the InAs/GaAs(001) nanostructures: a GaAs LO phonon peak at ≈ 291 cm−1,
a GaAs TO phonon peak at 267 cm−1 and an InAs TO peak at ≈ 216 cm−1. These
values agree well with the values obtained from the “Struc1” sample, strengthening
the conclusion that strain differences between Type I and Type II faceted structures
(if existing) are not detectable by means of Raman spectroscopy. The spectrum
taken in “dot area 1”, where nine structures contribute to the spectrum shows an
additional InAs LO phonon peak at ≈ 241 cm−1, which is in good agreement with
the InAs LO peak found for the “Struc1” sample at ≈ 240 cm−1.
In summary, for InAs/GaAs(001) no profound differences are detected between
“Struc1” and “Struc2”, as well as between Type I and Type II faceted structures,
implying that the strain is relaxed almost to the same degree in all of the here
investigated structures.
5.2.2. Raman spectroscopy of InAs/GaAs(111)A
To understand if a difference in the strain relaxation degree of InAs/GaAs(001)
and InAs/GaAs(111)A is detectable by Raman, InAs/GaAs(111)A structures grown
simultaneously with “Struc1” and “Struc2” are investigated. Figure 5.5 shows
Raman spectra and corresponding FE-SEM images of InAs/GaAs(111)A grown at
TS = 470
◦C with an In flux of 4.4× 1013 cm−2s−1 and a nominal thickness of 80 nm.
For the spectra taken at the nanostructure positions, three relatively strong peaks
are observed: a GaAs TO phonon peak at ≈ 267 cm−1, a GaAs LO phonon peak at
≈ 291 cm−1 and an InAs TO phonon peak at ≈ 216 cm−1. The GaAs LO phonon
peak from the GaAs(111)A substrate is forbidden in the backscattering geometry.
The existence of the GaAs LO peak is explained by disordering of the substrate
probably introduced by the SiO2 sputtering process. The GaAs LO phonon peak is
also detected in the reference spectrum taken from the same wafer at an extended
SiO2 mask area. However, as in the case of the InAs/GaAs(001) Raman spectra
discussed before, Raman spectra of a reference GaAs(111)A wafer without a SiO2
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Figure 5.5.: Raman spectra of InAs structures grown on GaAs(111)A at TS = 470◦C
with an In flux of 4.4 × 1013 cm−2s−1 and a nominal thickness of 80 nm and
corresponding FE-SEM images. (a) Dot area 1. (b) Dot area 2. (c) Square dot.
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Figure 5.6.: Raman spectra of InAs structures grown on GaAs(111)A at TS = 480◦C
with an In flux of 4.9 × 1013 cm−2s−1 and a nominal thickness of 90 nm and
corresponding FE-SEM images. (a) Dot area 1. (b) Dot area 2. (c) Square dot.
mask have to be measured to clarify this point.
The most interesting result of the InAs/GaAs(111)A Raman measurement is that
the InAs TO peak appears at the same Raman shift as in the InAs/GaAs(001) Raman
spectra discussed before, implying that the lattices are strongly relaxed in both sys-
tems. Additionally, as for the structures grown on GaAs(001) no profound difference
is seen for structures grown on different open area windows on the same wafer.
This result is strengthened by the Raman spectra taken from an InAs/GaAs(111)A
sample grown at TS = 480◦C with an In flux of 4.9× 1013 cm−2s−1 and a nominal
thickness of 90 nm. The resulting spectra and corresponding FE-SEM images of the
measured areas are presented in Fig. 5.6. As in the other discussed Raman spectra
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the InAs TO phonon peak appears at ≈ 216 cm−1.
5.3. Microstructural properties investigated by TEM
For the realization of semiconductor devices, e.g. FETs, in a bottom-up approach the
control of nanostructure shapes and the growth of highly ordered crystals above a
certain layer thickness are crucial requirements. To understand the microstructure
of the grown nanostructures, transmission electron microscopy (TEM) of selected
samples is performed.
All samples presented here are prepared for TEM measurements in a focused ion
beam (FIB) SEIKO EG SMI 2050 system with a Gallium ion source. An acceleration
voltage of 30 kV and a current of 1318 pA are applied for the FIB thinning process.
Via FIB, thin slices with a thickness of d < 100 nm are cut out from the selective area
grown samples. The TEM measurements are carried out in a JEM - 2100F FE-TEM
+ EDS system with an acceleration voltage of 200 kV. The lateral spot resolution is
0.2 nm.
5.3.1. TEM investigation of InAs/GaAs(001)
Figure 5.7 (a) shows a top-view FE-SEM micrograph of InAs/GaAs(001) structures
grown at TS = 460◦C with an In flux of 4.4 × 1013 cm−2s−1, an As4 BEP of 1.8 ×
10−5 Torr and a nominal thickness of 80 nm on dot shaped open area windows
with diameters of 480 nm. Mostly Type I faceted structures with shallow facets are
formed. High selective growth is achieved at this low substrate temperature by
using MEE and a low In flux.
TEM investigations are carried out to determine the detailed structural and mor-
phological properties of the InAs/GaAs(001) dot structures shown in Fig. 5.7 (a).
Figure 5.7 (b) shows a cross-sectional TEM image taken along the [11¯0] zone axis
of one InAs/GaAs(001) dot structure. Moiré-like fringes can be seen up to at least
35 nm in the InAs layer. These fringes indicate strain relaxation in the grown layer
[70]. In the inset of Figure 5.7 (b) a noise-reduced (Fourier-filtered) enlarged HRTEM
image of a region in the InAs layer (marked with a white rectangle) can be seen.
Periodical distortions of the InAs lattice leading to the Moiré-like fringes are visible.
In Fig. 5.7 (c) a contrast inverted selective area diffraction (SAD) pattern of the
whole InAs/GaAs(001) structure shown in (b) is presented. The dotted lines are
extensions of lines connecting corresponding InAs and GaAs diffraction spots and
are inserted as a visualization of the grade of relaxation in the layer. In case of a full
relaxation of the InAs lattice these extension lines would cross the (000) diffraction
spot. The lateral and axial vector norm of the InAs layer are determined to a[220] =
(2.10± 0.02) Å and a[002] = (3.05± 0.05) Å, respectively. In case of a full relaxation
of the layer the lateral and axial vector norm would account to a[220] = 2.14 Å and
a[002] = 3.03 Å, respectively. This indicates that the InAs/GaAs(001) layer is strongly
but not fully relaxed. The lattice parameter along the [001] direction, a[001] = (6.1±
0.1) Å is larger than the value obtained in the XRD measurements of InAs/GaAs(001)
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Figure 5.7.: (a) FE-SEM image of InAs grown on dot shaped open area windows
with d = 480 nm. The sample is grown at TS = 460◦C with an In flux of 4.4 ×
1013 cm−2s−1, an As4 BEP of 1.8 × 10−5 Torr and a nominal thickness of 80 nm.
Mostly Type I faceted structures are formed. (b) Corresponding cross-section
HRTEM image taken along the [11¯0] direction zone axis. The white triangle marks
the interface. In the inset a noise-reduced (Fourier-filtered) enlarged image of the
area marked with a white rectangle is shown. (c) Contrast-inverted SAD pattern
of the whole structure shown in (b).
samples discussed before. This may be due to a slightly lower Ga incorporation for
the here investigated InAs/GaAs(001) structure. However, the lattice parameter
value of a[001] = (6.04± 0.01) Å as obtained by XRD lies in the uncertainty range of
the TEM result. To analyze if there is a difference in the microstructural properties
for InAs structures grown at a slightly higher growth temperature, a sample with
TS = 470
◦C is investigated. This sample is the “Struc1” sample discussed in the
XRD and Raman measurements. Figure 5.8 shows cross-sectional TEM images taken
along the [11¯0] zone axis and SAD pattern of two InAs/GaAs(001) structures grown
on dot shaped open area windows on the “Struc1” sample. Both structures are
grown in an area where mostly Type I faceted structures are formed. In Fig. 5.8 (a)
the bright-field TEM image of an InAs/GaAs(001) structure on one of the dot shaped
open area windows is presented. (b) shows the corresponding HRTEM image of
the area marked with a white rectangle in (a). As for the sample grown at TS =
460◦C [Fig. 5.7], Moiré-like fringes are visible in a wide range of the InAs structure.
Additionally, a threading dislocation is seen. By an analysis of four InAs/GaAs(001)
structures grown on the same wafer, an average threading dislocation density in this
sample of 3.8× 1010cm−2 is determined. Figure 5.8 (c) presents the corresponding
SAD pattern of the whole structure shown in (a). From this SAD pattern the lateral
vector norm of the InAs layer is determined to a[220] = (2.12± 0.04) Å. This value
is slightly larger than the value of the lateral vector norm for the sample grown at
TS = 460
◦C but in the same uncertainty range. It is noted here, that the axial lattice
vector norm a[002] of the structure shown in Fig. 5.8 (a) could not be determined
from the SAD pattern as the InAs reflexes along the [001] direction are not clearly
visible. An interesting difference in the SAD pattern is found for the InAs/GaAs(001)
structure shown in Fig. 5.8 (d). The corresponding SAD pattern is presented in
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Figure 5.8.: (a) BF cross-sectional TEM image of a InAs/GaAs(001) structure grown
on a dot shaped open area window with d = 420 nm at TS = 470◦C with an In flux
of 4.4×1013 cm−2s−1 and a nominal thickness of 80 nm. (b) HR-TEM image taken
along the [11¯0] zone axis from the area marked with an white rectangle in (a). (c)
Corresponding SAD pattern of the whole InAs/GaAs(001) structure shown in (a).
(d) BF cross-sectional TEM image of a InAs/GaAs(001) structure grown under
the same conditions in a different open area window. (e) HR-TEM image taken
along the [11¯0] zone axis from the area marked with an white rectangle in (d). (f)
Corresponding SAD pattern of the whole InAs/GaAs(001) structure shown in (d).
Fig. 5.8 (f). Here the InAs lattice reflexes and the GaAs lattice reflexes are tilted by
≈ 1.5◦, indicating that individual InAs/GaAs(001) structures on the wafer are tilted
at different angles with respect to the GaAs(001) surface normal. A similar behavior
has been found by Zhang et al. in the self-assembled growth of relatively large
InAs islands on GaAs(001) [36]. The lateral and axial vector norm of the tilted dot
structure denote to a[220] = (2.12± 0.03) Å and a[002] = (3.03± 0.04) Å , respectively.
These values agree well with the vector norms found in the other dot structures and
are in the uncertainty range of the XRD result. However, as can be seen in Fig. 5.8
(e) a strong contrast difference with respect to the surrounding areas is observed
beneath the interface at some areas of the InAs/GaAs(001) structure. Here, the
HRTEM image shown in (e) is taken from the area marked with an white rectangle
in Fig. 5.8 (d). This contrast difference is most likely due to the formation of an
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Figure 5.9.: A cross-sectional TEM micrograph of an InAs/GaAs(001) dot shaped
structure grown at TS = 460◦C. Near the interface a modification of the GaAs is
observed indicating a reaction layer below the InAs/GaAs(001) interface.
InxGa1−xAs compound layer beneath the interface.
The interface quality in terms of the chemical composition is a crucial point in
the development of InAs/GaAs nanostructure devices. To further investigate the
modification of InAs/GaAs(001) interfaces, EDS measurements of InAs/GaAs(001)
samples are performed. Figure 5.9 shows a cross-sectional TEM image of the
InAs/GaAs(001) structure grown at TS = 460◦C on a dot shaped open area window.
Below the interface a modification of the GaAs substrate is observed indicating a
formation of a reaction layer even at low growth temperatures. Figure 5.10 (a) shows
a bright field image taken along the [11¯0] zone axis and an In EDS scan of the marked
area in the InAs/GaAs(001) structure. A high In concentration is measured up to
12 nm below the interface. The continuous decrease of the EDS intensity correspond-
ing to In in the InAs structure is explained by a decrease of material in the upper
layers due to the dot structure. The high concentration of In below the interface
is most likely caused due to an etching and re-growth process during the MEE
growth. The observation of a competing growth and etching process is described
in Chapter 4. Figure 5.10 (b) shows a BF TEM image of the same InAs/GaAs(001)
structure and EDS intensities of Si, Ga, As and In according to spot scans taken along
the marked line. At a distance of 30 nm from the interface the Ga content denotes to
5− 6 %. The formation of InxGa1−xAs at the interface and the incorporation of Ga
into the InAs structure explain the XRD result discussed in the previous section.
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Figure 5.10.: (a) In concentration by means of a EDS measurement in the marked
area and bright-field image of an InAs/GaAs(001) structure grown at TS = 460◦C.
A relatively high In concentration is measured up to 12 nm below the interface.
(b) EDS concentrations of Si, Ga, As and In as determined by spot scans taken
along the marked line.
The distortions over a wide range in the InAs layer, the relatively high density of
threading dislocations and the change of the chemical composition at the interface
would lead to a deterioration of terminal device performances, e.g. of FETs, realized
in a bottom-up approach on GaAs(001).
5.3.2. TEM investigation of InAs/GaAs(111)A
Yamaguchi et al. reported that in contrast to the growth on GaAs(001),
InAs/GaAs(111)A growth via MBE is 2D for all InAs thicknesses [30, 52]. The
strain relaxation is explained by the formation of a hexagonal dislocation network
near the interface [30, 52]. The growth of InAs/GaAs(111)A is described in Chap-
ter 4. Figure 5.11 shows a top-view micrograph of InAs/GaAs(111)A structures
grown at TS = 460◦C on square shaped open area windows (diagonal distance
d = 4.6 µm) under the same growth conditions as the InAs/GaAs(001) sample
shown in Figure 5.7.
Flat InAs layers with some triangular hillocks are obtained in the open areas. The
hillocks are probably caused by stacking faults [25]. In Fig. 5.11 a cross-sectional
TEM image taken along the [2¯11] zone axis of the InAs/GaAs(111)A structure can
be seen. In this case, Moiré-like fringes are only visible up to 8 nm in the InAs
structure, implying a confinement of the strain relaxation fields to the interface. The
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Figure 5.11.: InAs grown on square window shapes on GaAs(111)A substrates at
TS = 460
◦C with an In flux intensity of 4.4×1013 cm−2s−1 and a nominal thickness
of 80 nm. (a) Top-view FE-SEM micrograph. (b) Cross-sectional TEM image along
the [2¯11] zone axis. (c) Corresponding contrast-inverted selected area diffraction
pattern.
Figure 5.12.: (a) In concentration by means of an EDS measurement in the marked
area and bright-field image of an InAs/GaAs(111)A structure grown at TS =
460◦C. Almost no In is detected below the interface. (b) EDS concentrations of Si,
Ga, As and In as determined by spot scans taken along the marked line.
corresponding contrast-inverted SAD pattern taken near the interface indicates a
slightly stronger relaxation of the structure compared to the InAs/GaAs(001) sample
[Fig. 5.11 (c)]. The lateral and axial vector norm of the InAs layer are determined
to a[022¯] = (2.11 ± 0.02) Å and a[222] = (1.75 ± 0.03) Å , respectively. In case of
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a full relaxation of the layer the lateral and axial vector norm would account to
a[022¯] = 2.14 Å and a[222] = 1.75 Å, respectively. The observation of a confinement
of the strain relaxation fields to the interface for SAE grown InAs/GaAs(111)A
corresponds well with the model of a dislocation network near the interface as
described by Yamaguchi et al. [52] and Zepeda-Ruiz et al. [53].
In contrast to the InAs/GaAs(001) growth, for InAs/GaAs(111)A grown at TS =
460◦C almost no In is detected below the interface, as can be seen in the EDS intensity
of the area marked in Fig. 5.12 (a). A sharp increase of the EDS intensity related
to the In concentration is observed at the interface, implying that the GaAs(111)A
surface is more stable than the GaAs(001) surface, i.e. less etching occurs during the
MEE growth. However, a small amount of Ga is detected in the InAs structure. At a
distance of 30 nm from the interface the Ga content denotes to 3− 4%. Figure 5.11
(b) shows EDS intensities of Si, Ga, As and In according to spot scans taken along
the marked line.
5.3.3. TEM investigation of InAs/GaAs(111)B
As described in Chapter 4, the SAE growth of InAs on GaAs(111)B substrates is
investigated for three different In fluxes. The TEM analysis of the samples grown
under the different In fluxes showed that for the three investigated V/III ratios a
high amount of stacking faults is formed regardless of the resulting facet shape.
Here, the TEM analysis of the sample grown with an In flux of 4.4× 1013 cm−2s−1
is presented exemplary. The other growth parameters are a growth temperature of
TS = 470
◦C, an As4 BEP of 1.8 × 10−5 Torr and a nominal thickness of 80 nm. As
can be seen in Fig. 5.13 (a) these growth conditions result mostly in the formation of
hexagonal shaped InAs structures with {110} side facets and a flat top (111)B facet.
Figure 5.13 (b) shows a corresponding cross-section TEM image taken along the
[011¯] zone axis. It can be clearly seen that a number of planar defects is formed in
the grown structure at various distances from the interface. To investigate the planar
defects in more detail, a HRTEM image is taken from the area marked with an white
rectangle in (b). The resulting HRTEM is shown in Fig. 5.13 (c). Red arrows mark
different regions where planar defects are seen. The inset shows a noise-reduced
(Fourier-filtered) image of the area marked with an white rectangle in (c). At the
position marked with a red arrow, an extrinsic stacking fault can be seen. The SAD
pattern of the whole area shown in (c) is presented in Fig. 5.13 (d). Along the [1¯1¯1¯]
growth direction streaks resulting from the stacking faults are observed.
From the comparison of the structural properties of SAE grown InAs on GaAs(001),
(111)A and (111)B, it is concluded that InAs/GaAs(111)A growth is most promising
for the realization of future transistor devices in a bottom-up approach. Another
possible application of the InAs flat layer growth is the fabrication of a semiconduc-
tor ferromagnet in a Kagome artificial crystal [11, 71, 72]. In this work, as a first step
towards device applications InAs/GaAs(111)A honeycomb lattices are realized. The
growth of these structures is described in Chapter 6.
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Figure 5.13.: (a) FE-SEM image of InAs structures grown on GaAs(111)B at TS =
470◦C with an In flux intensity of 4.4 × 1013 cm−2s−1, a nominal thickness of
80 nm and an As4 BEP of 1.8 × 10−5 Torr. (b) Corresponding cross-sectional
TEM image taken along the [011¯] axis. (c) HRTEM image of the area marked
with a white rectangle in (b). The white triangles mark the InAs/GaAs interface.
Red arrows mark stacking faults observed in the grown structure. The inset
shows an enlarged contrast-enhanced image of an extrinsic stacking fault. (d)
Corresponding contrast-inverted SAD pattern of the area shown in (c).
69

6. InAs honeycomb lattices on
GaAs(111)A
As shown in the previous chapters, InAs grows in a layer by layer growth mode
on GaAs(111)A. Flat InAs layers with some hillocks are formed in the open area
windows. The strain relaxes via a misfit dislocation network at the interface [30, 52,
53]. The EDS analysis discussed in Chapter 5 shows a relatively sharp interface in
the composition in case of InAs/GaAs(111)A. Almost no In is detected below the
interface. The native electron accumulation in the near-surface region [29, 30], makes
InAs interesting for the fabrication of nanometer-scale conducting semiconductor
structures [30]. In this chapter, first steps towards the realization of honeycomb
lattice structure devices are described. Honeycomb lattice structures are for example
interesting for the realization of hexagonal binary decision diagram quantum logic
circuits [73, 74] or could be used as magnetic field sensors. To allow transport
measurements of the InAs layers, semi-insulating GaAs(111)A wafers are used for
the fabrication of the patterned substrates.
6.1. Growth of honeycomb lattice structures on
GaAs(111)A substrates
As described in Chapter 4, a strong overgrowth beyond the SiO2 mask edge is
observed in case of InAs/GaAs(111)A if the height of the grown structures is larger
than the 30 nm of the SiO2 mask. To avoid the overgrowth and to realize growth
in the exact shape of the open area window lattice, it is necessary to optimize the
growth conditions for the specific honeycomb lattice parameters. In Fig. 6.1, FE-SEM
images of two honeycomb lattices grown on the same wafer at TS = 470◦C with an
In flux of 4.4× 1013 cm−2s−1, an As4 BEP of 1.8× 10−5 Torr and a nominal thickness
of 80 nm are presented. The lattice shown in (a) has a honeycomb diagonal length
of d = 1.5 µm and a width of the open area window of w = 230 nm. The lattice
shown in (b) has a honeycomb diagonal length of d = 560 nm and a width of the
open area of w = 245 nm. Both structures are realized well within the etched shape
of the mask.
To allow transport measurements on the honeycomb lattices, patterned GaAs
substrates with large open area windows, functioning as “electrode” areas, are
fabricated next to the honeycomb lattices as shown exemplary in Fig. 6.2. Figure 6.2
(a) presents an optical microscopy photograph of the whole 2-terminal device pat-
tern after electron beam lithography and wet etching. In (b) optical microscopy
photographs of honeycomb lattices placed between the large open areas can be seen.
For the transport measurements, lattices with two different honeycomb diagonal
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Figure 6.1.: FE-SEM images of honeycomb lattices grown at TS = 470◦C with an In
flux of 4.4× 1013 cm−2s−1, an As4 BEP of 1.8× 10−5 Torr and a nominal thickness
of 80 nm. (a) Diagonal length of the honeycomb d = 1.5 µm, width of the open
area w = 230 nm. (b) Diagonal length of the honeycomb d = 560 nm, width of the
open area w = 245 nm.
lengths, d = 590 nm and d = 690 nm, are used. The open area widths are ≈ 245 nm
prior to the growth.
These masked GaAs(111)A substrates with two large open area windows and a
honeycomb lattice placed between them are then overgrown with InAs by MEE.
Although the same growth conditions as for the sample shown in Fig. 6.1 were
applied for the fabrication of the device structures, overgrowth beyond the SiO2
mask occurred as will be discussed later. After the MEE growth small Indium
slices are placed on the large window areas now covered with InAs. Next, the
wafers are annealed in a rapid thermal annealing (RTA) oven at 250◦C for 30 s
(increasing to 250◦C in 60 s). This step proved to be crucial as a direct bonding of the
InAs layer “electrode structures” resulted in a Schottky diode I-V characteristic for
measurements at low temperatures. The InAs “electrode” areas are then wired with
a two component Ag-paste. Figure 6.3 demonstrates that by using this procedure, an
ohmic contact is obtained even at low measurement temperatures. The resistances
of the sample shown in Fig. 6.3 are 29 kΩ at 300 K and 32 kΩ at 8 K, respectively.
6.2. Magnetoresistance measurements of grown
structures
As an ohmic contact could be realized at low temperatures for the 2-terminal device
honeycomb lattices, it is possible to carry out magnetoresistance measurements of
the structures to investigate the electron transport characteristics. The samples are
measured in a superconducting magnet cryostat at a liquid Helium temperature of
4.2 K. For the measurement, the bias is fixed to 0.2 V and a compliance of 50 µA is
set to ensure that the 2-terminal device does not break due to the measurement. A
magnetic field is applied perpendicular to the sample surface. The magnetic field
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Figure 6.2.: (a) Photograph of a honeycomb lattice 2-terminal device structure. (b)
Enlarged image of honeycomb lattices with two different diagonal lengths of the
honeycomb structure.
Figure 6.3.: I-V characteristic of a typical honeycomb lattice at room temperature
and at 8 K.
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strength is then changed from 0 to 9 T. Figure 6.4 shows the resulting magnetore-
sistance and corresponding FE-SEM images of two measured honeycomb lattice
samples. Due to overgrowth over the SiO2 mask edge the honeycomb diagonal
length decreased as compared to the honeycomb diagonal length of the patterned
substrate shown in Fig. 6.2. As written before, the overgrowth occurred even though
the samples were fabricated under optimized growth conditions and is explained
by a slight variation in the SiO2 film thickness. The decreased honeycomb diagonal
length is ≈ 420 nm for the “Honeycomb 1” lattice and ≈ 260 nm for the “Honey-
comb 2” lattice. Still, as can be seen in the FE-SEM images in Fig. 6.4, some areas on
the large open area window next to the honeycomb lattices are uncovered under
the applied growth conditions, demonstrating the difficulty of growth condition
optimization for SAE if areas with different open area widths are used on the same
wafer. For later transport measurement experiments it is therefore desirable to define
the electrode patterns by photolithography and to fabricate the electrodes via metal
evaporation.
As can be seen in Fig. 6.4 both honeycomb lattices showed the same behavior in
the magnetoresistance measurement. A negative slope of the magnetoresistance is
obtained for magnetic field strengths B ≤ 2.5 T, while a positive magnetoresistance
slope is found for 3 T≤ B ≤ 9 T. The negative slope in the magnetoresistance for
B ≤ 2.5 T is explained by a weak localization effect of the electrons, indicating a
high degree of disordering in the InAs layer. Furthermore, no periodic oscillations
are observed in the magnetoresistance. In a 2DEG system, Shubnikov-de Haas
oscillations should appear. In addition, at low magnetic field strengths periodic
oscillations due to the geometry of the honeycomb lattice would be expected if
the mean free path of the electrons were large enough to allow a circulation of the
electrons around the honeycomb circumference. In a quantum mechanic approach




r2 · e. (6.1)
For the “Honeycomb 1” and “Honeycomb 2” lattices, cyclotron resonance would
thus be expected at ≈ 0.0149 T and ≈ 0.0390 T, respectively. However, as can be
seen in Fig. 6.5, no periodic oscillation in the magnetoresistance is observed for both
samples in a low magnetic field regime of B ≤ 0.45 T. The derivative dR/dB of
both structures, here exemplary shown for the “Honeycomb 1” lattice, exhibits an
aperiodic oscillation pattern that is observed in the magnetoresistance of quasi-one-
dimensional (Q1D) systems and is due to an universal conductance fluctuation [75].
The absence of a periodic oscillation pattern in the magnetoresistance is explained
by the short mean free path of the electrons in the InAs layer. In general, the mean
free path of the electrons can be calculated by:







with the fermi velocity νfermi, the time before scattering occurs τsc, the carrier
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Figure 6.4.: Magnetoresistance measurement and corresponding FE-SEM images of
the measured honeycomb lattices.
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Figure 6.5.: Negative magnetoresistance at low magnetic fields and the derivative of
dR/dB for the honeycomb lattice 1.
concentration nS , the effective electron mass meff and the electron mobility µ.
A Hall measurement of an undoped InAs layer grown on a planar GaAs(111)A
substrate at TS = 460◦C with As2 and a layer thickness of 1 µm by conventional
MBE in the same growth chamber as for the SAE growth experiments, shows
a Hall mobility of 8200 cm2/Vs and a carrier density of 2.9 × 1012 cm−2 at 5 K
[76]. If these values are used for a rough estimation of the mean free path in the
InAs/GaAs(111)A honeycomb lattice system, the mean free path is determined
to l ≈ 210 nm. It should be noted, that for the SAE grown InAs layers a even
smaller electron mobility is expected, for example due to influences of surface
damages in the only several ten nanometers thin InAs film. The circumferences of
the “Honeycomb 1” and the “Honeycomb 2” lattices are ≈ 1.32 µm and ≈ 0.82 µm,
respectively. The circumferences are therefore longer than the expected mean free
path of the electrons in the here used InAs/GaAs(111)A system. The InAs structures
behave as a diffusive system and exhibit diffusive Q1D transport characteristics.
For the later application of InAs/GaAs(111)A device structures it is therefore
necessary to increase the electron mobilities and to reduce damages, leading to
electron scattering in the grown InAs layer.
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faceted GaAs microstructures*
The previous chapters present results on the direct growth of InAs on the processed
substrate. However, SiO2 sputtering and the patterning process may introduce
damages to the surface. Thus, it is interesting to study the growth behavior of
InAs on GaAs buffer structures. This approach is used in this thesis to realize
site-controlled grown InAs quantum dots (QDs) and quantum dot chains (QDCs).
The fabrication of quantum dots (QDs) has been receiving considerable attention
due to the possible application of these structures in new optical and electronic
devices. In(Ga)As QDs are interesting for realizing single photon sources [1, 2],
nanophotonic waveguides [3] and lasers with low threshold currents [4]. Self-
assembled growth techniques have been used to grow stacked high density QDs
and applied in QD lasers [8, 9]. However, they still suffer from size fluctuation
and inhomogeneous distribution. To apply the semiconductor nanostructures in
future industrial devices, it is important to obtain well-defined structures with high
reproducibility. To control the position of single InAs QDs or quantum dot chains
(QDC) techniques aimed at site-selective growth have been widely investigated
including lithographic patterning [35, 77, 78, 79, 80, 81, 82] and strain engineering
[83, 84].
Selective area growth of InAs QDs on pyramidal GaAs structures has already been
achieved using MOVPE [85, 86, 87, 88, 89] and MBE [90]. The GaAs microstructure
provides hereby nucleation sites for the InAs growth and functions as a buffer
layer separating the QDs from the processed interface [89]. While well-defined
selective growth of QDs and photoluminescence have been demonstrated for InAs
on pyramidal GaAs structures, the details of the microstructure facet development
and the influence of the facets on the InAs nucleation have not yet been reported
for samples fabricated by MBE. Within the work of this thesis, I investigated the
formation of faceted GaAs microstructures on a SiO2 masked GaAs(001) substrate in
dependence of open area size dimensions and open area orientations with respect to
the substrate orientation. After the optimization of faceted pyramidal and wirelike
GaAs microstructures the InAs QD nucleation mechanism in dependence of the
provided facets is studied.
As has been shown in Chapter 4, MEE [17, 18, 91] based on the alternate deposition
of constituent elements has proved useful for selective area growth of InAs by using
solid source MBE. Previous works accomplished in the research group of Prof.
Horikoshi showed the usefulness of MEE for the selective area growth of GaAs
*Some of the results discussed in this chapter have been used in M. Zander et al., J. Cryst. Growth
(submitted August 2012). Only contributions of the author of this thesis are used.
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Figure 7.1.: Schematic illustration of selective area growth of InAs nanostructures
on faceted GaAs microstructures.
[23, 45]. Furthermore, Cho et al. found that a thinner wetting layer is expected
with QDs grown by MEE as compared to QDs grown by conventional MBE [92].
In the present work, the combination of the selective area growth of faceted GaAs
microstructures and subsequent InAs nucleation by MEE to allow the control of
InAs QDs and QDC positions is explored. A schematic illustration of the selective
area growth process is shown in Fig. 7.1.
7.1. Realization of well-defined GaAs microstructures
To investigate the subsequent nucleation of InAs on faceted GaAs microstructures,
first the realization of well-defined GaAs microstructure templates is necessary. To
achieve samples grown with high selectivity, a growth temperature of TS = 590◦C
and a Ga flux of 1.9×1014 cm−2s−1 (corresponding to a growth rate of 0.3 ML/cycle)
is chosen. These conditions allow a selective growth when a MEE growth sequence
with a 2 s annealing step after the Ga supply is applied [57], as can be seen in Fig. 7.2
showing the experimentally determined boundary for selective growth of GaAs
[57].
The facet formation of the GaAs microstructures depends on the As4 BEP at
a given In flux, the amount of deposited material, the open area size dimension
and the in-plane orientation in respect to the substrate orientation. As an As4 BEP
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Figure 7.2.: Boundary of selective area growth region for GaAs grown on SiO2
masked GaAs substrates [57].
of 1.8 × 10−5 Torr leads to a preferred formation of {114}A facets, a lower As4
BEP of 1.2× 10−5 Torr is used for the fabrication of the GaAs template structures.
All samples shown in the following are grown with a GaAs nominal thickness of
125 nm and a MEE growth cycle of 1 s Ga supply, 2 s annealing, 2 s As4 supply, 0.5 s
annealing.
First, the GaAs facet formation in dependence of the open area window size
dimension is studied. Square openings with various sizes are patterned into the
SiO2 mask with the side of the squares aligned along the 〈100〉 directions. The
spacing between the square openings is hereby in the same order for all open area
window sizes and accounts to≈ 500 nm. As the contribution of the surface diffusion
component from the SiO2 mask is therefore in the same order for all square opening
sizes, the thickness of the grown structures increases with decreasing open area
diagonal length. Thus, the dependence of the facet formation on the open area
size dimension can be seen as equivalent to the growth time evolution of the facets.
Figure 7.3 shows structural schematics and top-view FE-SEM images of selective
area grown faceted GaAs microstructures on open area windows with diagonal
lengths of 3.2 µm, 1.8 µm, 1.0 µm and 0.7 µm, respectively.
The facet orientations of the GaAs microstructures are determined by AFM mea-
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Figure 7.3.: FE-SEM images and structural schematics of faceted GaAs microstruc-
tures grown on square shaped open window areas with a diagonal length of (a)
d = 3.2 µm; (b) d = 1.8 µm; (c) d = 1.0 µm and (d) d = 700 nm.
surements. When the diagonal length of the square shaped window is as large as
3.2 µm, the structures consist of two {114}A facets along the [110] direction, four
{011} side facets near the edge and a (001) top facet, as shown in Fig. 7.3 (a). As
the open area window size decreases, the {114}A facets become predominant while
the (001) top facet area dimension shrinks and the shape of the (001) plane becomes
elliptical, as can be seen in Fig. 7.3 (b) for an open area diagonal length of 1.8 µm.
This GaAs microstructure is hereafter denoted as Type I. The {114}A and {011}
facets are inclined at an angle of ≈ 19.5◦ and ≈ 45◦ with respect to the (001) plane,
respectively. As the open area window size decreases, the top (001) facet vanishes
and the two {114} facets develop into four {012}/{013} facets [Fig. 7.3 (c)]. This
pyramidal GaAs microstructure is named Type II. The angles inclined with respect to
the (001) plane are ≈ 27◦ and ≈ 18◦ for {012} and for {013}, respectively. A further
decrease in the size results in the {011} facets gradually becoming the predominant
facet orientation, and in the development of (111)A (angle ≈ 55◦) facets [Fig. 7.3
(d)]. Thus, by an optimization of the open area size dimension, pyramidal GaAs
microstructures consisting of four {011} facets, two (111)A facets and narrow top
facets belonging to the {012}/{013} family are obtained as seen in Fig. 7.3 (d). This
pyramidal GaAs microstructure is described as Type III.
The formation of GaAs microstructure facets also depends on the pattern orienta-
tion in respect to the substrate orientation. To study this dependency, pattern with
radial arranged open area windows are fabricated. Figure 7.4 (a) shows an example
of such a radial pattern consisting of stripes with a base width of 350 nm.
Along the [110] direction, stripes with flat top (001) facets are realized. The
orientation of the stripes is changed gradually towards the [11¯0] direction in steps
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Figure 7.4.: FE-SEM images after the deposition of GaAs with a nominal thickness
of 125 nm on radial arranged open area windows used to investigate the window
orientation on the development of facets.
of 5◦. When the orientation is varied towards [11¯0] eventually {011} side facets are
formed and the top (001) facet area shrinks. For stripes oriented along the [11¯0]
direction two {114}A facets are developed [Fig. 7.4 (a)].
The shrinking of the top (001) facet size can be seen in more detail in Fig. 7.4 (b)
showing an enlargement of stripes oriented in an angle of 50◦, 45◦ and 40◦ with
respect to the [110] direction. For the stripe oriented in an angle of 40◦, a (001) top
facet is clearly developed. The GaAs microstructure orientated in an angle of 45◦
(along the [100] direction) consists of two {011} side facets and a narrow (001) top
facet. For the line orientated in an angle of 50◦, the top facet vanishes and only the
two {011} side facets remain.
7.2. InAs nucleation on top of GaAs microstructure
templates
After the realization of well-defined GaAs microstructures, the subsequent nucle-
ation of InAs is studied on faceted GaAs structures of Type I – Type III by depositing
InAs with a nominal thickness of 2.2 ML. In and As4 are deposited with an InAs
growth rate of 0.08 ML per cycle at a substrate temperature of TS = 470◦C. MEE is
applied to enhance the migration length of the In atoms on the SiO2 mask and the
faceted GaAs microstructures. The MEE deposition sequence (1 cycle) for InAs is
1 s In supply followed by a 2 s As4 supply. The grown structures are evaluated by
FE-SEM and AFM measurements.
Figure 7.5 (a) shows a Type I microstructure after the InAs deposition. InAs
preferably nucleates on the top (001) facet. For Type II microstructures, InAs tends
to nucleate at {012}/{013} boundaries and boundaries of {012}/{013} facets with
the {011} side facets as can be seen in Fig. 7.5 (b) and the contrast-enhanced inset
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Figure 7.5.: FE-SEM photographs of faceted GaAs microstructures grown on square
shaped open window areas. Before InAs nucleation for open area window di-
agonal lengths of (a) 1.8 µm, (b) 1.0 µm and (c) 0.7 µm. Corresponding FE-SEM
images after subsequent deposition of 2.2 ML InAs in (d), (e), (f). The insets show
contrast-enhanced images of the areas marked with white rectangles.
of the area marked with a white rectangle. If the top portion gradually becomes
smaller and the {011} side facets become the predominant facets, InAs eventually
nucleates on the top portion of the pyramid as shown in Fig. 7.5 (c). As can be seen
in the inset of Fig. 7.5 (c) for narrow top facets this results in a precisely positioned
single QD on the top of the pyramid.
The interpretation of the preferred nucleation of InAs on {012}/{013} and {011}
side facets boundaries is strengthened by a growth time dependence investigation
of InAs on Type II GaAs microstructures. Figure 7.6 shows Type II structures after
the deposition of 8 ML (a) and 44 ML InAs (b), respectively. In Fig. 7.6 (a) it can be
seen that the nucleation takes place on the {012}/{013} facets while no nucleation is
observed on the {011} side facets. This is explained by the following model. The
(110) surface is composed of an equal number of Ga and As atoms. However, In
atoms impinging on the As atoms have a very short lifetime because only one bond
is available for each atom. In the MEE deposition sequence, As and In atoms are
alternately supplied. Therefore, the migration length of the In atoms on the GaAs
microstructures is enhanced, leading to a further reduction of the growth rate on
the (110) surface [45, 91]. Thus, nucleation of InAs on {011} facets is most unlikely
to occur in the MEE growth. On the other hand, the {012}/{013} facets provide
kink sites and steps functioning as traps for the In and As adatoms. Eventually,
after a longer growth sequence the {012}/{013} facets are completely overgrown,
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Figure 7.6.: (a) FE-SEM image of Type II GaAs microstructures consisting of
{012}/{013} and {011} facets after subsequent deposition of 8 ML InAs. (b)
After deposition of 44 ML InAs.
resulting in an InAs nanostructure precisely positioned on the top portion of the
GaAs microstructure as shown in Fig. 7.6 (b). Thus, by controlling the {012}/{013}
facets size, the subsequent InAs nucleation position is determined and allows the
fabrication of InAs nanostructures with high reproducibility and uniformity in shape
and size.
On top of Type III pyramids which consist of narrow top facets, it was possible to
obtain single InAs QDs as shown in Fig. 7.7 (a). It should be noted however, that
the size of the top facet was not yet homogeneous for all pyramids that were grown
on the open area window size with d = 700 nm, resulting in the nucleation of more
than one dot for some pyramids as exemplary shown in Fig. 7.7 (b), where several
dots have been formed on the top portion.
In Fig. 7.7 (c) a bird’s-eye view image according to the AFM measurement of a
Type III pyramid with a single QD on top is presented. It can be clearly seen that
the InAs QD is formed on the top portion of the pyramid and that no nucleation of
InAs occurs on the {011} facets. Fig. 7.7 (d) shows a profile of the same pyramid
measured along the [11¯0] direction, that allows the determination of the QD height
to ≈ 15 nm.
As described in the previous section, the formation of GaAs microstructure facets
also depends on the pattern orientation with respect to the substrate orientation.
Figure 7.8 (a) shows a FE-SEM image of a radial pattern consisting of GaAs mi-
crostructures with a base width of 350 nm oriented in an angle of 50◦ [1], 45◦ [2] and
40◦ [3] in respect to the [110] direction after the deposition of 2.2 ML InAs. The GaAs
microstructure orientated in an angle of 45◦ (along the [100] direction) consists of
two {011} side facets and a narrow (001) top facet. For the line orientated in an angle
of 50◦, the top facet vanishes and only the two {011} side facets remain while for the
line orientated in an angle of 40◦ the (001) top facet becomes more dominant. The
insets show contrast enhanced images of the areas marked with white rectangles. In
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Figure 7.7.: (a) FE-SEM image of a pyramidal GaAs structure with a single QD on
the top portion after the deposition of 2.2 ML InAs. (b) Pyramidal structure with
several dots formed on the top portion. (c) Bird’s-eye view image of a single InAs
QD grown on a pyramidal structure as evidenced by AFM. (d) Transversal cut
plot of the QD shown in (c) along [11¯0].
Inset 1 it is seen that no nucleation takes place on the GaAs microstructure consisting
of only {011} side facets. If a sufficiently narrow (001) top facet is available for the
InAs nucleation, a single quantum dot chain (QDC) is realized as shown in Inset 2 of
Fig. 7.8 (a). In case of a broader (001) top facet a number of QDCs is formed as can
be seen in Inset 3. Thus, the number of QDCs can easily be controlled by adjusting
the angle of the GaAs microstructures in respect to the [110] direction, when the
other parameters influencing the GaAs microstructure growth such as the open area
width and the nominal thickness of the amounted GaAs are kept constant.
For GaAs wirelike structures oriented along [100], a longer growth sequence
according to the subsequent deposition of InAs with a nominal thickness of 8 ML
leads to a merging of the InAs nuclei and results in the formation of a nanowire-like
InAs structure as shown in Fig. 7.8 (b).
For applications of the InAs nanostructures in future devices, it is important
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Figure 7.8.: (a) FE-SEM images of wirelike GaAs microstructures oriented in an angle
of 50◦ [1], 45◦ [2] and 40◦ [3] in respect to the [110] direction after subsequent
deposition of 2.2 ML InAs. (b) Wirelike microstructure oriented along [100] after
the deposition of 8 ML InAs.
to understand the interface properties. Nanowire-like structures such as the one
exemplary shown in Fig. 7.8 (b) are used to investigate the interface properties of
the InAs nanostructures grown on faceted GaAs microstructures. Figure 7.9 (a)
shows a cross-sectional TEM image along [100] for an InAs nanostructure after
the deposition of 8 ML InAs. InAs is placed on top of the (001) facet while no
InAs nuclei are formed on the side facets. To analyze the In content in the grown
structure, EDS measurements are performed. In Fig. 7.9 (a) the In concentration
x according to the results of spot scans at two different points in the sample can
be seen. Approximately 10 nm above the interface x accounts to 0.18, while no In
is detected below the interface, as exemplary shown for a depth of ≈ 6 nm below
the interface. Figure 7.9 (b) shows a corresponding EDS scan of the structure in the
area marked with a rectangle. In agreement with the spot scans, In (red line) is only
detected at the top portion of the InAs/GaAs structure, while the Ga concentration
(black line) gradually decreases above the interface.
To investigate the incorporation of Ga into the InAs structure in more detail, sam-
ples with a nominal thickness of 44 ML InAs are fabricated on GaAs microstructures
with broader (001) top facets. Figure 7.9 (c) shows a cross-sectional TEM image
taken along the [100] zone axis for InAs grown on a (001) top facet with a width of
150 nm. Spot scans taken at different points in the grown structure show similar
trends in the Ga incorporation behavior. Almost no In is detected below the surface,
here exemplary shown for a depth of ≈ 20 nm below the interface. Approximately
10 nm above the interface the In content accounts to x = 0.2, in good agreement
with the measurement for the nanostructure formed after 8 ML InAs deposition. For
a distance of around 30 nm from the interface the In content increases to x = 0.45.
The highest In content is found for a distance of ≈ 60 nm from the interface and
accounts to x = 0.63. Figure 7.9 (d) shows a corresponding area scan of the structure
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Figure 7.9.: (a) Cross-sectional TEM image taken along the [100] zone axis of a
wirelike microstructure after subsequent deposition of 8 ML InAs, and Inx content
according to EDS spot scans. (b) Corresponding EDS area scan of the Ga (black
line) and In (red line) concentration. (c) Cross-sectional TEM image taken along
the [100] zone axis of a wirelike microstructure after subsequent deposition of
44 ML InAs, and Inx content according to EDS spot scans. (d) Corresponding EDS
area scan of the Ga (black line) and In (red line) concentration.
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in the area marked with a rectangle. It can be seen that Ga is widely incorporated
into the InAs structure even for InAs deposited at a low growth temperature of
TS = 470
◦C.
It should be noted however, that due to electron scattering in the specimen, a
relatively high experimental uncertainty of 5 − 10 nm in the lateral resolution is
expected. Thus, it is likely that areas with higher In concentrations exist in the grown
structure.
7.3. Optical properties of InAs nanostructures grown on
faceted GaAs microstructures
The selective growth of InAs QDs and QDCs on faceted GaAs microstructures is
promising for the fabrication of future nanophotonic and electronic devices. To
analyze the optical properties of the QDs formed after 2.2 ML of InAs deposition,
PL measurements of capped samples are performed. In a first study, the QDs are
capped with 10 nm InGaAs grown at TS = 480◦C and 12.5 nm GaAs grown at
TS = 580
◦C by MEE. For the growth of the InGaAs capping layer the Ga flux was
reduced to 9.7× 1013 cm−2s−1, while the In flux was kept at 4.4× 1013 cm−2s−1. In
case of a growth on planar substrates this corresponds to a chemical composition
of In0.35Ga0.65As. For the growth of the GaAs capping layer, the Ga flux was again
increased to 1.9× 1014 cm−2s−1.
The PL spectra are measured using a semiconductor diode laser emitting at 532 nm
with an excitation power of 2 µW at the sample position. The laser is focused to a
2 µm spot on the sample surface. The sample is mounted at a temperature of 4.2 K
in a helium cryostat. The dot lines are spectrally resolved with a spectrometer and
an InGaAs array detector. To allow a precise laser beam alignment a high-precision
positioning stage is employed.
Figure 7.10 shows the PL spectra of (a) QDs grown on wirelike GaAs and (b) QDs
grown on pyramidal GaAs structures. Given the spot diameter of 2 µm and the
periodicity of the dots on wirelike structures of 30 − 40 nm, around 50 − 60 QDs
contribute to the spectrum shown in Fig. 7.10 (a). In case of the pyramidal structures,
QDs on the top of four pyramidal structures are contributing to the spectrum. As
has been shown in Fig. 7.7, in dependence of the top facets width, several dots may
be formed on GaAs pyramids grown on open area windows with a diagonal length
of d = 700 nm. As several sharp peaks are seen in the PL spectra of the pyramids
[Fig. 7.10 (b)], these peaks are attributed to a number of QDs. The spectra of the QDs
on wirelike GaAs structures and pyramidal structures, show a distribution of the
peaks of ≈ 100 meV. This distribution is most likely caused by different sizes of the
QDs.
The emission wavelengths with the highest intensities for the QDs on wirelike
structure and the pyramidal structure are 962 nm and 958 nm, respectively. The
relatively short emission wavelength for both structures is explained by two influ-
ences. The first is a relatively high Ga incorporation into the QDs and the second
is a quantum size effect due to the small size dimension of the QDs. From the
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Figure 7.10.: (a) Photoluminescence spectrum of QDs grown on wirelike GaAs struc-
tures. (b) Spectrum of QDs grown on pyramidal GaAs structures.
EDS measurements shown in Fig. 7.9, it can be concluded that InGaAs mixed QDs
are likely to be formed at the interface. If we assume a composition of the QDs of
In0.6Ga0.4As, according to the highest In content measured in the EDS measurement,
then a size of the In(Ga)As QDs of 5 nm would lead to an emission energy of 1.28 eV
and thus to an emission wavelength of ≈ 969 nm. In the case that QDs with larger
size dimensions were formed, a even higher Ga incorporation into the QDs has to
be considered to explain the experimental findings.
To analyze if the growth of the GaAs capping layer at TS = 580◦C has an influence
on the In content in the structure, EDS measurements of a wirelike structure with
a nominal thickness of 8 ML InAs and an InGaAs and GaAs capping layer are
performed. Figure 7.11 (a) shows a cross-sectional TEM image taken along the [100]
zone axis for InAs with a capping layer grown on a (001) top facet with a width of
140 nm. Spot scans taken at different points in the grown structure show that the
In content 15− 20 nm above the interface accords to 0.16− 0.17, which is slightly
lower than for the uncapped sample [Fig. 7.9 (b)]. 40 nm above the interface the
In content is determined to ≈ 0.14, which is related to the InGaAs capping layer.
Finally, for a distance of 60 − 70 nm above the Interface the In content accords to
0.01, showing that almost no In indiffusion into the GaAs buffer layer takes place.
Fig. 7.11 (c) shows an EDS map of the In content of a wider range of the structure.
Indium is detected at the side walls of the structure due to the growth of the InGaAs
capping layer. The resulting GaAs/InGaAs/GaAs QW along the side wall may have
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Figure 7.11.: (a) Cross-sectional TEM image taken along the [100] zone axis of a
wirelike microstructure after subsequent deposition of 8 ML InAs, and the growth
of an InGaAs and GaAs capping layer. (b) Corresponding enlarged image of the
top portion, and Inx content according to EDS spot scans. (c) EDS mapping result
indicating the In concentration. In of the InGaAs capping layer is detected on the
side walls. (d) Corresponding enlarged image of the top portion.
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Figure 7.12.: µ-Photoluminescence spectra of InAs QDs grown on GaAs microstruc-
tures with narrow top facets measured at 4.2 K, and FE-SEM and AFM images
of the measured structures. (a) FE-SEM image before the growth of the capping
layer. (b) After the growth of the capping layer. (c) Bird-eye-view AFM image of
the pyramidal structures before the deposition of InAs.
an influence on the PL spectra. Furthermore, almost no contrast is seen between
the InAs and the InGaAs buffer layer [Fig. 7.11 (d)]. As discussed for the EDS
measurement of the uncapped sample, a relatively high experimental uncertainty
of 5− 10 nm in the lateral resolution is expected in the EDS measurement. Thus, it
may be difficult to resolve areas with higher In contents in the sample, where only
8 ML of InAs are deposited.
Still, to decrease the intermixing of In and Ga between the deposited InAs QDs
and the capping layer, samples with a GaAs capping layer grown at TS = 510◦C are
fabricated. The conditions of the InGaAs capping layer growth are kept constant.
To suppress the formation of polycrystalline grains at the lower GaAs growth
temperature of TS = 510◦C, the Ga flux is reduced to 9.7 × 1013 cm−2s−1. To
maintain the same V/III flux ratio as for the growth of the GaAs buffer, the As4 BEP
is changed to 0.8× 10−5 Torr.
Figure 7.12 shows a spectrum taken from approximately nine microstructures
with a narrow top portion diameter of ≈ 45 nm, together with FE-SEM images
before (a) and after (b) the deposition of the capping layer and a bird’s-eye view
AFM image before the deposition of InAs (c). Sharp peaks attributed to single QD
emissions are detected in an energy range of 1.235 to 1.3 eV. The broader peaks at
1.077 and 1.123 eV are probably emissions from a QW formed at the side walls of the
pyramids by the InGaAs capping layer. The increase of the PL intensity from 1.15 eV
to 1.3 eV is caused by the emission from InGaAs polycrystalline grains formed on
the mask during the capping layer growth, as evidenced by reference measurements
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Figure 7.13.: µ-Photoluminescence spectra of the InAs QDs on GaAs microstructures
with narrow top facets measured with a resolution of 40 µeV.
on the SiO2 mask area. The energy range in the spectrum, where sharp peaks are
detected, is next measured with a higher resolution of 40 µeV at different areas
of the pyramidal microstructures. At several positions, sharp single dot emission
peaks with an average FWHM of ≈ 300 µeV are spectrally resolved as exemplary
shown in Fig. 7.13. The observation of emission lines with narrow FWHMs proves
the existence of InAs QDs with small size dimensions and shows that the InAs
nucleation on GaAs microstructures is very promising for the realization of future




InAs is promising for the realization of optoelectronic devices operating in
the infrared region and as a channel material in the next generation of metal-
semiconductor FETs. In(Ga)As QDs are interesting for applications in single photon
sources towards quantum information technology, in lasers with low threshold
currents and nanophotonic waveguides. GaAs is established as a semiconductor
in optoelectronic devices and a widely chosen substrate for the growth of InAs
nanostructures.
To apply InAs semiconductor nanostructures in future industrial devices, it is
necessary to control the shape and the positions of the structures with high repro-
ducibility. One possibility to control these parameters is the fabrication of nanostruc-
tures by selective area epitaxy (SAE). SAE combines advantages of bottom-up and
top-down approaches and is an inherently “damage-free” method. The selective
area growth by migration enhanced epitaxy (MEE) of GaAs nanostructures on SiO2
masked GaAs substrates is already established.
In the thesis presented here, the MEE method has been applied to realize the SAE
of InAs nanostructures on patterned GaAs(001), GaAs(111)A and GaAs(111)B sub-
strates. The structural properties of the grown structures were characterized by field
emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), x-
ray diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM)
and energy dispersive x-ray spectroscopy (EDS). In addition, magnetoresistance
measurements were carried out for InAs honeycomb lattices grown on GaAs(111)A
substrates. Photoluminescence (PL) measurements were applied to study the optical
properties of InAs QDs grown selectively on GaAs buffer structures.
The conditions leading to high selectivity of InAs nanostructures on SiO2 masked
GaAs substrates by MEE growth were studied by growth experiments carried out
on GaAs(001). It could be shown that SAE is realized at low growth temperatures
by using low In flux intensities. For an In flux of 4.4× 1013 cm−2s−1 and an As4 BEP
of 1.8× 10−5 Torr, high selectivity has been obtained in a growth temperature range
of 460 ≤ TS ≤ 500◦C. For growth temperatures TS ≥ 530◦C a strong etching of the
GaAs substrate set in as evidenced by FE-SEM and AFM measurements. Even for a
relatively low growth temperature of TS = 460◦C, a competing behavior between
an etching and a growth process was observed. InAs nanostructures grown on dot
shaped open area windows with d ≤ 580 nm on GaAs(001) showed mostly two
types of faceted structures. One type was characterized by the existence of shallow
{137} facets and the other type by dominant steep {011} and {111} facets. The
existence of the shallow faceted structures on a relatively large scale has not been
reported before and is explained by the influence of the SiO2 mask on the biaxial




After understanding the growth conditions leading to high selectivity, the growth
studies were extended to InAs nanostructure fabrication on GaAs(111)A. For the
InAs growth on GaAs(111)A, flat layers with some hillocks were obtained. The
hillocks were probably caused by stacking faults. For structures with a height larger
than the 30 nm of the SiO2 mask, a strong overgrowth beyond the SiO2 edge has
been observed. A profound difference has been seen for samples grown by MEE
and by simultaneous deposition of In and As4. For open area windows with a
diameter of d = 2.5 µm, the simultaneous deposition leaded to the formation of a
triangular shaped uncovered area in the middle of the open area window, whereas
growth by MEE leaded to a covering of the whole open area window. To study the
influence of the open area window distances on the volume of the grown structures,
pattern with three different open area window sizes and various distances were
fabricated. Contrary to the normal diffusion model, where one expects an increase
of the volume with an increase of the open area window distance, the volume of
the investigated structures decreased with increasing open area window distance.
Furthermore, even in relatively dense pattern areas, the height of the grown InAs
structures was found to be smaller than the deposited nominal thickness. These
experimental findings were explained by a “hopping model”. After the development
of faceted nanostructures in the open area windows, the lifetime of adatoms on the
nanostructure surfaces becomes relatively large, leading to a high percentage of
adatom diffusion to the SiO2 mask area. There the adatoms have a relatively short
desorption lifetime, when the growth temperature is sufficiently high. However, if
the open area window distance, i.e. the mask width, is short enough the adatoms
may reach the next faceted structure grown on a neighboring open area window.
The “hopping model” was strengthened by a simple one-dimensional diffusion
model. The solution of the diffusion equation under boundary conditions in this
simple model showed that the ratio of the respective lifetimes of the adatoms on
the open area window and the mask determines the volume dependency on the
open area window distance. If the lifetime on the open area window is smaller
than the lifetime on the mask, one is in the region of the normal diffusion model,
where an increase of the open area window distance leads to an increase of the
nanostructure volumes. In contrast, the behavior changes to the “hopping model”,
when the lifetime on the open area window becomes larger than the lifetime on the
mask.
The growth of InAs on GaAs(111)B substrates showed a strong influence of the In
flux intensity on the nanostructure faceting for structures grown on dot shaped open
area windows with d = 380 nm. Hexagonal shaped InAs pillars with six vertical
{110} facets and a flat top (111)B facet were formed for low In fluxes. In case of
large In fluxes, the grown structures changed to a triangular shape with three {011}
side facets. This change of the faceting behavior is explained by the different net
V/III ratio during the growth of the structures, as a high As pressure leads to a
stabilization of (111)B planes by As trimers.
For the application of the nanostrutures in future electronic devices, it is neces-
sary to obtain crystals with high quality. A low density of threading dislocations
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and planar defects in the grown structures is required. Furthermore, an abrupt
interface in terms of the composition is desirable. XRD and Raman spectroscopy
measurements of InAs grown on GaAs(001) and GaAs(111)A showed that the InAs
structures are strongly relaxed for the growth on both orientations. However, the
XRD result in case of InAs/GaAs(001) implied the incorporation of Gallium into
the InAs structure. TEM measurements confirmed the high degree of relaxation of
the InAs structures grown on GaAs(001) and GaAs(111)A respectively. In case of
InAs/GaAs(001) Moiré-like fringes due to strain relaxation were visible up to at least
35 nm from the interface in the InAs dot structure, while for InAs/GaAs(111)A the
Moiré-like fringes are confined at the interface. These findings correspond well with
the model of a dislocation network near the interface in case of InAs/GaAs(111)A.
Furthermore, the InAs/GaAs(001) structures showed a high threading dislocation
density of 3.8× 1010 cm−2, while threading dislocations in InAs/GaAs(111)A were
only observed near the SiO2 edge in the case that hillocks were formed in the layer.
EDS measurements showed a relatively high In concentration below the interface
for InAs/GaAs(001) indicating the formation of a reaction layer even for structures
grown at a low TS of 460◦C. For InAs on GaAs(111)A grown under the same condi-
tions, almost no In is detected below the interface. Ga incorporation into the InAs
structure is slightly higher in the case of InAs/GaAs(001) and denotes to 5 − 6%
at a position of ≈ 30 nm above the interface. In case of InAs/GaAs(111)A, a Ga
incorporation of 3− 4% was detected at a position of ≈ 30 nm above the interface.
The TEM analysis of InAs grown on GaAs(111)B showed a high percentage of
planar defects, i.e. stacking faults, in the fabricated structures. From the comparison
of the structural properties of SAE grown InAs on GaAs(001), (111)A and (111)B it
is concluded that InAs/GaAs(111)A growth is most promising for the realization
of future transistor devices in a bottom-up approach, i.e. as the channel layer in
metal-semiconductor FETs.
As a first step towards the realization of InAs/GaAs(111)A devices, two-
terminal honeycomb lattice device structures were fabricated. It was shown, that
InAs/GaAs(111)A honeycomb lattices can be realized within a well-defined shape
of the open area window by adjusting the growth time for a specific honeycomb
lattice structure. Simple two-terminal device structures showing ohmic behavior
at room temperature and at low temperatures were fabricated to carry out mag-
netoresistance measurements. The magnetoresistance showed a diffusive regime
behavior, indicating the formation of a quasi 1-dimensional system in the InAs layer.
The magnetoresistance showed a negative slope for magnetic fields B ≤ 2.5 T. This
behavior was explained by weak localization of the electrons and indicates a high
degree of disordering in the layer. It was concluded that an increase of the electron
mobility as well as a decrease of defects leading to a scattering of the electrons
is inevitable. Thus, the fabrication process and the growth conditions should be
optimized in future studies.
The direct growth of InAs on the processed substrate may lead to a degradation
of the grown InAs structure. Thus, it is interesting to study the growth behavior
of InAs on GaAs buffer structures. This approach has been used in this thesis to
fabricate site-controlled grown InAs quantum dots (QDs) and quantum dot chains
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8. Summary
(QDCs) promising for optical devices. First, the SAE of GaAs on GaAs(001) was
studied. By an optimization of the growth conditions, well-defined GaAs templates
with facets mostly belonging to {01n} and {11n} families as well as with (001) facets
were obtained. On top of these GaAs microstructure templates, the nucleation
of InAs has been studied. It has be shown that InAs preferably nucleates on the
top portions of the microstructures, while no nucleation occurs on the {011} side
facets. EDS measurements showed a relatively high Ga incorporation into the InAs
structures.
The well-defined growth of InAs nanostructures with precisely designable sizes,
shapes and positions is interesting for the fabrication of nanophotonic devices. To
analyze the optical properties, photoluminescence (PL) measurements of capped
samples were carried out. PL emission of single QDs were spectrally resolved,
showing that the site-controlled InAs nucleation on top of GaAs microstructures
is very promising for the realization of single photon sources. Further studies, e.g.
time-resolved PL measurements, cathode luminescence measurements and second
order correlation function measurements, are interesting to further investigate the
nature of the QD emissions.
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A. InAs growth rates and In BEPs
The growth rates of InAs at different In fluxes have been determined by RHEED
oscillation measurements on a planar InAs(001) wafer at the beginning of the work
on this thesis. For the RHEED oscillation measurements, the As4 BEP was set to
1.0 × 10−5 Torr (As rich condition) at a As cell body temperature of 375◦C and a
needle valve position of 175. The growth rate was measured for three different
In cell temperatures: 830, 850 and 870◦C. The resulting growth rates are shown
in Fig. A. The corresponding In BEPs are 6.0 × 10−7 Torr (870◦C), 5.8 × 10−7 Torr
(850◦C) and 4.4× 10−7 Torr (830◦C), respectively.
Prior to each sample growth, the Indium BEP and the As4 BEP are determined
by an Ion gauge. Fig. A shows two example measurement series of In BEPs in
dependence of the In cell temperature. The black squares correspond to BEPs
measured before the RHEED oscillation measurements (in 2010-03-09). The red
squares correspond to In BEPs measured at the end of the work on this thesis. It can
be seen that the In BEPs stayed fairly stable throughout this work.
To have a possibility to check if the InAs growth rate is stable for every sample,
the RHEED transition time from streaky pattern (2D growth) to spotty pattern (3D
Figure A.1.: Growth rate of InAs in dependence of the In cell temperature measured
2010-07-08.
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Figure A.2.: In BEPs measured at the beginning of this work (black squares) and at
the end (red squares).
island growth) on the planar GaAs(001) substrate has been documented for every
growth. This transition time was almost constant for samples grown under the same
Indium BEP at the same TS throughout this work and corresponded to a deposition
of ≈ 1.6 ML InAs.
The In fluxes given in this thesis, are calculated from the corresponding growth
rates obtained by the fit of the RHEED oscillation measurement data. In case of a
growth rate of 1 ML/s, the In flux would denote to gIn = 5.4641 × 1014 cm−2s−1















with the absolute cell temperatures T , the massesM and the ionization efficiencies
relative to nitrogen η. η has been obtained by experimental data of Wood et al. and
is given by [93]:
η/ηN2 = [(0.6Z/14) + 0.4]. (A.3)
The As4 BEPs in this work were adjusted with a needle valve integrated into the
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As cell. The As cell body temperatures to provide an As BEP of 1.8 × 10−5 Torr
varied between 375◦C (full cell) and 440◦C. The cracking cell temperature was set to
600◦C to provide a molecular beam of As4.
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B. Analyzing the diffusion on the open
area window and the mask area
As described in Chapter 4, Subsection 4.3.2 the results of the volume change of
InAs structures grown on GaAs(111)A in dependence of the open area window
distance was studied by a simple one-dimensional diffusion model. Figure B shows
the symmetry of the one-dimensional geometry that is applied. The first region
from −a+b2 to −a2 is a masked area, the second region from −a2 to a2 is the open area
window, and the third region from a2 to
a+b
2 is again a masked area. The diffusion









where ni is the concentration of adsorbed In atoms in the respective region, x
the position, g the incoming flux, Di the surface diffusion coefficient, and τi the


















Diτi is the migration length on the mask or on the open area. τi can be
calculated from the incorporation lifetime τinc and the desorption lifetime τdes by
using Matthiessen’s rule:
Figure B.1.: Schematic diagram of the geometry used to analyze the diffusion.
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and for D1 = D3 = L21/τ1 and D2 = L
2
2/τ2. This gives the following solution for the
















































To prove the model, first the case where a  L2 is analyzed. As a denotes
the length of the open area, in this extreme case the influence of the open area













= 0 we get:
n2(0) = gτ1.
The concentration of the adsorbed In atoms in the open area is only dependent on
the incoming flux and the lifetime of the atoms on the masked area. This is similar to
the case were the whole surface of the substrate is covered by SiO2. If the substrate
is unmasked or if b L1 the model gives the solution:
n2(0) = gτ2,
which is as expected. The solution as given in equation B.4 is furthermore strongly
dependent on the lifetimes τ1 and τ2, as for τ1 = τ2 the fraction becomes unity and
the concentration is given again by:
n2(0) = gτ2 = gτ1.
Thus, it is expected that the In concentration on the open area as given by Eq. B.4
changes drastically with the ratio between the lifetimes. To get a better understand-
ing of the influence of the lifetimes ratio τ2/τ1, Eq. B.4 was plotted for different sets
of parameters. The results are shown and discussed in Chapter 4.
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